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Die akute myeloische Leukämie (AML) und das myelodysplastische Syndrom (MDS) stellen heterogene 
myeloische Neoplasien dar, deren Übergang in einander fließend ist. Während bei der AML ein 
Differenzierungsblock sowie eine unkontrollierte Proliferation myeloischer Vorläuferzellen dominieren, 
zeichnet sich das MDS vorrangig durch Dysplasien und variable Zytopenien, sowie ein erhöhtes Risiko der 
Transformation in eine AML aus. Trotz unseres zunehmenden Verständnisses dieser Erkrankungen ist die 
Prognose für AML und MDS Patienten noch immer häufig ungünstig.  
Auch mit der Entwicklung neuer zielgerichteter Therapiekonzepte behält die allogene hämatopoetische 
Stammzelltransplantation ihre große Bedeutung in der Therapie von AML und MDS. Insbesondere bei 
Patienten mit prognostisch ungünstigen Merkmalen stellt sie häufig die einzige kurative Therapieoption 
dar. Entsprechend kommt einer Risikostratifizierung bei Diagnose sowie im Krankheitsverlauf zur 
individuellen Therapieentscheidung eine große Bedeutung zu um personalisierte Behandlungen zu 
ermöglichen. Diese kann durch klinische Variablen, Immunphänotypisierung und zyto- oder 
molekulargenetische Veränderungen erfolgen. Diese Arbeit beschäftigt sich mit neuen klinischen, 
molekularen und durchflusszytometrischen Markern um die bestehenden Risikoklassifikationssysteme für 
Patienten mit AML und MDS weiter zu verfeinern und legt ein besonderes Augenmerk auf Patienten, die 
eine allogene Stammzelltransplantation erhalten. 
Der erste Abschnitt dieser Arbeit zeigt die prognostische Relevanz der leukämischen 
Stammzellpopulationen – definiert über die CD34+/CD38- Zellpopulation bzw. die GPR56 Expression - bei 
Diagnosestellung. Sowohl in der AML als auch im MDS scheint ein hoher Anteil leukämischer Stammzellen 
eine Subgruppe von Patienten mit ungünstiger Prognose unabhängig von aktuellen Risikostratifikationen 
und auch trotz Durchführung einer allogenen Stammzelltransplantation identifizieren zu können.  
Im zweiten Abschnitt wird ein Überblick über die zunehmende Relevanz der Risikostratifikation im 
Krankheitsverlauf - im Sinne der Bestimmung einer messbaren Resterkrankung (MRD) – erörtert und mit 
der Expressionshöhe von BAALC und MN1 mögliche neue Marker zur MRD Bestimmung vorgestellt.  
Der dritte Abschnitt zeigt, dass auch die Wahl des Konsolidierungskonzeptes die initiale 
molekulargenetische Risikostratifizierung beeinflussen kann. Während eine hohe Expression der AML-
assoziierten Gene BAALC und MN1 bei AML Diagnose mit einer ungünstigen Prognose einhergeht, wenn 
die Patienten mit einer Chemotherapie behandelt werden, scheint eine allogene Stammzelltransplantation 
diesen prognostischen Einfluss aufzuheben. Außerdem wird die Relevanz einer allogenen 
Stammzelltransplantation bei älteren Patienten mit der prinzipiell eher günstigen molekulargenetischen 
Konstellation NPM1 mutiert/FLT3-ITD Wildtyp diskutiert. 
Im vierten Abschnitt wird der Einfluss klinischer Parameter auf die Prognose von AML und MDS Patienten 
diskutiert. Patienten mit einer sekundären (nach anderen myeloischen Erkrankungen) oder 
therapieassoziierten AML (nach vorausgegangener zytostatischer Therapie) weisen unter konventioneller 
Chemotherapie eine sehr ungünstige Prognose auf. Im Gegensatz dazu legen die Ergebnisse nahe, dass das 
Überleben nach allogener Stammzelltransplantation – wenn das genetische Risiko beachtet wird - nicht 
wesentlich schlechter ist als das von Patienten mit de novo AML. Außerdem wird gezeigt, dass sowohl das 
Vorliegen einer Adipositas zum Zeitpunkt der Diagnose einer AML als auch ein Gewichtsverlust zwischen 
Diagnose und allogener Stammzelltransplantation mit einer ungünstigen Prognose einhergehen. Zuletzt 
werden zwei Konditionierungsintensitäten vor Stammzelltransplantation in MDS Patienten verglichen und 
gezeigt, dass vor allem bei jüngeren Patienten intensivere Protokolle bessere Ergebnisse erzielen. 
Zusammenfassend zeigt diese Arbeit neue Möglichkeiten auf, die Risikostratifizierung für Patienten mit 
myeloischen Erkankungen sowohl bei Diagnose als auch im Krankheitsverlauf zu verbessern und leistet 
somit einen wichtigen Beitrag zur weiteren Personalisierung der Therapie von AML und MDS.  
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1. Introduction / Einleitung 
1.1 AML 
1.1.1 Diagnosis and Disease Classification 
Acute myeloid leukemia (AML) is a rare disease resulting from the uncontrolled clonal expansion of 
myeloid precursor cells that lost their differentiation ability. This results in the displacement of normal 
hematopoiesis, leading to impaired formation of healthy blood cells. Subsequently, AML patients 
usually present with variable cytopenia and associated symptoms, such as weakness, infections, and 
bleeding tendency.1 AML is most frequently diagnosed in older individuals above the age of 60 years 
and represents  with approximately 80% the most common acute leukemia in adult individuals.1–3 
AML might develop de novo or as a secondary disease – either secondary after preceding myeloid 
disorders as myelodysplastic syndromes (MDS) or myeloproliferative neoplasm (MPN), or treatment-
related after exposure to radiation or cytotoxic therapies for unrelated neoplasm or autoimmune 
diseases.4 The latter especially occurs after a peak of 5-10 years after exposure to alkylating agents or 
2-3 years after exposure to topoisomerase-II inhibitors.5 
According to the world health organization (WHO), the diagnosis of AML requires at least 20% myeloid 
blasts in bone marrow or peripheral blood.6 Exceptions are determined by AML-defining aberrations, 
which include the cytogenetic subgroups t(8;21)(q22;q22), inv(16)(p13q22), and t(16;16)(p13;q22), 
where AML is diagnosed irrespective of blast counts.6 Traditionally, the diagnosis and classification of 
AML bases on morphologic criteria, according to the French American British (FAB) classification, which 
was established in the 1970ies.7 Later, it was observed that not only clinical courses in AML, but also 
underlying genetics, are highly heterogeneous. Only approximately 50% of AML patients harbor a 
normal karyotype2,4,8 and nearly all individuals show recurrent gene mutations.9 With the growing 
recognition of cytogenetic and molecular aberrations for AML diagnosis, prognostic information, and 
treatment decisions, the FAB classification was increasingly replaced by genetic classification 
systems,4,6,8,10,11 and today is mostly relevant out of historic reasons. Table 1 shows the recently 
updated version of WHO classification system for AML and related neoplasms which uses genetic 
classification criteria for the definition of the majority of subtypes.6  
In addition to morphologic and genetic analyses, flow cytometric assays may complement AML 
diagnostics as they help to discriminate AML to lymphoblastic leukemias and to identify the individual 






Table 1: Adapted from Arber et al:6 The 2016 revision of the WHO classification of AML 
 
Acute myeloid leukemia and related neoplasms 
 
 
Acute myeloid leukemia with recurrent genetic abnormalities 
AML with t(8;21)(q22;q22.1); RUNX1-RUNX1T1 
AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11 
APL with PML-RARA 
AML with t(9;11)(p21.3;q23.3); MLLT3-KMT2A 
AML with t(6;9)(p23;q34.1); DEK-NUP214 
AML with inv(3)(q21.3q26.2) or t(3;3)(q21.3;q26.2); GATA2, MECOM 
AML (megakaryoblastic) with t(1;22)(p13.3;q13.3); RBM15-MKL1 
Provisional entity: AML with BCR-ABL1 
AML with mutated NPM1 
AML with biallelic mutations of CEBPA 
Provisional entity: AML with mutated RUNX1 
Acute myeloid leukemia with myelodysplasia-related changes 
Therapy-related myeloid neoplasms 
Acute myeloid leukemia, not otherwise specified 
AML with minimal differentiation 
AML without maturation 
AML with maturation 
Acute myelomonocytic leukemia 
Acute monoblastic/monocytic leukemia 
Pure erythroid leukemia 
Acute megakaryoblastic leukemia 
Acute basophilic leukemia 
Acute panmyelosis with myelofibrosis 
Myeloid sarcoma 
Myeloid proliferations related to Down syndrome 
Transient abnormal myelopoiesis 
Myeloid leukemia associated with Down syndrome 
 
1.1.2 Risk stratification at diagnosis 
Clinical disease courses in AML patients are highly heterogeneous and depend on a variety of patient- 
and disease-specific characteristics. Among those are clinical parameter as age or performance status 
at diagnosis and co-morbidities that may interfere with intensive treatment options. Important 
disease-related factors include cytogenetic aberrations, the presence of gene mutations, as well as 
epigenetic changes.1–4,6  
Overall, long-term outcomes of patients diagnosed with AML – even when undergoing intensive 
therapies - remain highly unsatisfactory and range around 30-40% in younger (<60 years) and less than 
20% in older (>60 years) individuals.4,13,14 In older or comorbid individuals not fit to undergo intensive 
chemotherapy protocols, overall survival usually does not exceed 12 months.1 
After the recent update of the WHO classification, the international expert panel of the European 
LeukemiaNet (ELN) published their updated expert opinion-based recommendations on the diagnosis 
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and treatment of AML.4 Among these recommendations, the second version of a standardized 
reporting system that exclusively bases on genetic aberrations has been proposed to improve risk 
stratification at diagnosis and is shown in Table 2.  
 
Table 2 (Adapted from Döhner et al.):4 2017 European LeukemiaNet genetic risk stratificationa 
 




t(8;21)(q22;q22); RUNX1-RUNX1T1  
inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11  
mutated NPM1 without FLT3-ITD or with FLT3-ITDlow (c) 




mutated NPM1 and FLT3-ITDhigh (c) 
wild-type NPM1 without FLT3-ITD or FLT3-ITDlow (c) (without adverse-risk genetic lesions) 
t(9;11)(p22;q23); MLLT3-KMT2Ad 






t(v;11q23.3); KMT2A rearranged 
t(9;22)(q34.1;q11.2); BCR-ABL1 
inv(3)(q21.3q26.2) or t(3;3)(q21.3;q26.2); GATA2, MECOM (EVI1)  
-5 or del(5q); -7; -17/abn(17p) 
complex karyotype,e monosomal karyotypef 




a Frequencies, response rates and outcome measures should be reported by risk category, and, if sufficient numbers are available, by specific 
genetic lesions indicated.  
b Prognostic impact of a marker is treatment-dependent and may change with new therapies.  
c Low, low allelic ratio (<0.5); high, high allelic ratio (>0.5); semi-quantitative assessment of FLT3-ITD allelic ratio (using DNA fragment analysis) 
is determined as ratio of the area under the curve (AUC) “FLT3-ITD” divided by AUC “FLT3-wild type”;  recent studies indicate that acute 
myeloid leukemia with NPM1 mutation and FLT3-ITD low allelic ratio may also have a more favorable prognosis and patients should not 
routinely be assigned to allogeneic hematopoietic-cell transplantation.  
d The presence of t(9;11)(p21.3;q23.3) takes precedence over rare, concurrent adverse-risk gene mutations. 
e Three or more unrelated chromosome abnormalities in the absence of one of the World Health Organization-designated recurring 
translocations or inversions, i.e., t(8;21), inv(16) or t(16;16), t(9;11), t(v;11)(v;q23.3), t(6;9), inv(3) or t(3;3); AML with BCR-ABL1. 
f Defined by the presence of one single monosomy (excluding loss of X or Y) in association with at least one additional monosomy or structural 
chromosome abnormality (excluding core-binding factor AML).
 
g These markers should not be used as an adverse prognostic marker if they co-occur with favorable-risk AML subtypes.  





In line with previous cytogenetic classification systems,8,10,15 the favorable risk group includes patients 
with core binding factor AML (CBF, t(8;21)(q22;q22) and inv(16)(p13.1q22) or t(16;16)(p13.1;q22)) but 
was extended by AML patients harboring specific gene mutations, i.e. mutated NPM1 without or with 
low FLT3-ITD as well as AML with biallelic CEBPA mutations, irrespective of cytogenetic findings. This 
group accounts for approximately 20% of newly diagnosed AML and, overall, patients in this group 
have favorable outcomes with long term survival rates usually exceeding 60-80%.9 
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In contrast, and again consistent with previous classification systems, aberrations affecting 
chromosome 3, deletions of chromosome 7 or 5/5q and the presence of a complex karyotype (i.e. 
three or more unrelated chromosomal abnormalities in one clone)4 remain particularly poor 
prognostic factors at AML diagnosis. Additionally, in the new adverse ELN category, some molecular 
alterations were included, which are the combination wild-type NPM1 and a high FLT3-ITD ratio as 
well as patients with mutated TP53, RUNX1, or ASXL1. Patients harboring these alterations have poor 
outcomes and are usually recommended to undergo allogeneic hematopoietic stem cell 
transplantation (HSCT) in first complete remission.16–18 The remaining intermediate risk category 
includes all other genetic aberrations not classified as favorable or adverse and – most likely – will be 
further divided by additional genetic markers in the future.  
 
1.1.3 Treatment  
In patients fit enough to undergo intensive chemotherapy, the combination of 7 days cytarabine and 
3 days of an antracycline (“7+3” regime) has been the standard of care for many decades and still 
remains the treatment backbone. However, after very recent approval, three substances have been 
included in first-line AML treatment and now complement therapies depending on the ELN genetic risk 
classification at diagnosis. In patients with favorable genetics, addition of the anti-CD33 antibody 
gemtuzumab ozogamicin (GO) to standard 7+3 chemotherapy has been shown to improve relapse free 
and overall survival.19 Subsequently, patient with favorable ELN risk - i.e. the CBF AML, AML with 
biallelic mutated CEBPA or AML with mutated NPM1 without or with a low FLT3-ITD – should now 
receive GO with 7+3 as a new treatment standard.20 With the approval of the FLT3 inhibitor 
midostaurin in 2017, patients harboring a FLT3 mutation – either a tyrosine kinase mutation (FLT3-
TKD) or an internal tandem duplication (FLT3-ITD) – now receive midostaurin in addition to 7+3 
chemotherapy as this combination therapy has shown to improve overall survival.21 Finally, in the 
particularly high risk subgroup of patients with secondary or treatment related AML or AML with 
myelodysplasia-related changes, CPX-351, a liposomal formulation of cytarabine and daunorubicine, 
was shown to improve event free and overall survival as compared to standard 7+3 chemotherapy.22 
This may – in part – be mediated by a higher percentage of responding patients who can proceed to 
allogeneic HSCT but was also observed after chemotherapy consolidation and led to the substance 
being the new standard for these high risk patients if they are eligible for intensive chemotherapy.20  
After achieving a complete remission, consolidation treatment will be used to deepen remission and 
ideally cure the patient. The chosen therapy option depends on the disease risk and may include 
additional chemotherapy cycles or an allogeneic HSCT if a suitable stem cell donor is available.23  
Also in older or comorbid patients not eligible for intensive treatments, clinical progress has been 
made within the recent years. Hypomethylating agents – i.e. azacitidine and decitabine – are palliative 
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out-patient treatment options that were shown to improve survival compared to the previous 
standard of care in three randomized clinical trials and are now administered as first line treatment in 
older or unfit AML patients.24–26 Very recently, the BCL-2 inhibitor venetoclax has been impressively 
shown to prolong overall survival when combined with azacytidine in newly diagnosed AML patients 
unfit to undergo intensive chemotherapy.27 This already led to the approval of the combination by the 
U.S. Federal Drug Administration in 2020 and approval is also expected for the beginning of 2021 in 
Europe. However, these substances only very rarely produce long-term remissions and need to be 
given until treatment progression. 
Within the recent years, numerous new treatment options have entered clinical studies. Targeted 
agents that inhibit functionally abnormal proteins resulting from different recurrent gene mutations 
in AML have been and are being developed. Substances for which we currently have the broadest 
experiences are newer generation FLT3 inhibitors – such as quizartinib or gilteritinib – which show 
efficacy as single agents in the relapse setting in FLT3-ITD (or in case of gilteritinib FLT3-ITD and FLT3-
TKD) mutated AML.28,29 Currently, these substances are also tested in the first line setting additionally 
to standard 7+3 regimens and will most likely help to redefine first line therapies in the near future. 
Also for IDH1 and IDH2 mutated AML, targeted treatments have been developed and are currently 
tested in the first line and relapse setting.30,31 
Together, the new treatment recommendations according to ELN as well as emerging targeted 
treatment options further stress the high importance of genetic analyses in AML, as they not only 
provide valuable information regarding risk stratification, but now also increasingly lead to immediate 
informed treatment decisions. 
 
1.2 MDS 
1.2.1 Diagnosis and Disease Classification 
MDS are heterogeneous disorders of the myeloid hematopoietic stem cell that result in inefficient 
hematopoiesis with variable cytopenias, as well as expansion of myeloid precursors with increased risk 
of progression into an AML.6,32 Currently, a somehow arbitrary 20% blast cut-off is used to distinguish 
AML from MDS or MPN.2,6 However, the aforementioned prognostic variables, such as cytogenetic and 
moleculargenetic features are more important for prognostic evaluation than the distinction of AML 
and MDS.2,33 Similar to AML, MDS might develop de novo or secondary after cytotoxic treatments and 
shows increasing frequencies in the elderly population. 
The 2016 WHO classification distinguishes between MDS and MDS/MPN overlap syndromes, which 
show clinical characteristics of MDS – such as cellular dysplasia – and MPN – such as increased 
proliferation of myeloid precursors.6 Despite characteristic and distinct genetic findings in both disease 
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subtypes, the 2016 WHO classification for MDS and MDS/MPN still mostly relies on morphologic 
findings as cytopenias, dysplasia, and blast count, and is shown in Table 3. 
 




Myelodysplastic/myeloproliferative neoplasms (MDS/MPN)  
 
 
Chronic myelomonocytic leukemia (CMML) 
Atypical chronic myeloid leukemia (aCML), BCR-ABL1- 
Juvenile myelomonocytic leukemia (JMML) 
MDS/MPN with ring sideroblasts and thrombocytosis (MDS/MPN-RS-T)  
MDS/MPN, unclassifiable 
 
Myelodysplastic syndromes (MDS)  
 
MDS with single lineage dysplasia  
MDS with ring sideroblasts (MDS-RS)  
MDS-RS and single lineage dysplasia 
MDS-RS and multilineage dysplasia  
MDS with multilineage dysplasia  
MDS with excess blasts  
MDS with isolated del(5q)  
MDS, unclassifiable  
Provisional entity: Refractory cytopenia of childhood  
 
1.2.2 Risk stratification at diagnosis 
The currently most frequently adapted prognostic scoring systems for MDS patients are the IPSS 
(International Prognostic Scoring System),34 established in 1997, and the 2012 updated IPSS-R (Revised 
International Prognostic Scoring System).32 Both classification systems take into account the number 
and degree of cytopenias, bone marrow blast count, as well as cytogenetic findings and classify MDS 
patients in four (IPSS) or five (IPSS-R) risk groups.32,34 Overall, both classification systems stratify 
patients into lower risk MDS (IPSS low or intermediate-1 and IPSS-R very low, low or intermediate) and 
higher risk MDS (IPSS intermediate-II or high and IPSS-R high or very high). Expected outcomes for 
untreated patients according to the IPSS-R remain highly heterogeneous and range from median 
overall survival of 8.8, 5.3, and 3.0 years for patients with very low, low, or intermediate risk MDS, 
respectively, to only 1.5 years in MDS patients with high and 0.8 years with very high risk disease.32 
Similarly, time to disease progression to AML varies between 10.8 years for low risk, 3.2 years for 
intermediate risk and 1.4 and 0.7 years for high and very high risk, respectively.32 However, these 
numbers also reflect that survival is not only shortened by disease progression, but also to a significant 
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risk attributed to the accompanying peripheral cytopenias, as bleeding or severe infections. Table 4 
gives an overview over relevant parameters for the currently mostly adapted MDS risk stratification 
IPSS-R. 
 
Table 4: Adapted from Greenberg et al:32 The 2012 revised International Prognostic Scoring System 
for MDS 
 Score – Points 
0 0.5 1 1.5 2 3 4 
Karyotype* A - B - C D E 
Bone marrow blast count, % ≤2 - 2 - <5 - 5 - <10 ≥ 10 - 
Hemoglobin level, g/dl ≥10 - 8 - <10 <8 - - - 
Platelet count, Gpt/l ≥100 50 – 100 <50 - - - - 
Absolute neutrophil count, Gpt/l ≥800 <800 - - - - - 






0 – 1.0 
1.5 – 3-0 
3.5 – 4.5 
5.0 – 6.0 
> 6.0 
*Karyotype risk:  
A (very good):  




E (very poor): 
 
-Y, del(11q) 
normal; del(5q) ± 1 other abnormality, del(20q), or del(12p) 
+ 8, i(17q), del(7q), + 19, any other abnormality not listed including the preceding with 
one other abnormality 
−7 ± del(7q), inv(3)/t(3q)/del(3q), complex: any 3 separate abnormalities  
complex: more than 3 abnormalities 
 
Analysis of recurrently mutated genes in MDS also contribute to diagnosis in MDS patients and are 
increasingly used in the clinical practice to further evaluate disease risk. While TP53 or spliceosome 
mutations have been repeatedly linked to aggressive MDS phenotypes, an increasing number of 
mutated genes was also shown to correlate with shorter survival.35,36 Despite their undeniable 
recognition for risk stratification in MDS, recurrent gene mutations have not (yet) been implemented 
into risk models adapted in the clinical routine.  
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1.2.3 Treatment 
MDS treatment indication is stratified according to the individual patient’s risk, usually defined by the 
IPSS-R risk group. Treatment goals are reducing the disease-associated symptoms in both lower and 
higher risk patients, as well as reducing the risk of disease progression to AML in higher risk patients.37 
Supportive treatments alone are sufficient in the majority of lower risk patients and intended to 
improve quality of life. They include blood transfusion, prophylactic anti-infective treatments or 
vaccinations, as well as patient education to reduce cytopenia-associated risks. Patients’ comorbidities 
have to be taken into account when planning therapy, for example when determining cut-off levels for 
blood transfusions. Additionally, erythropoiesis- (EPO) or thrombopoiesis stimulating agents (TPO) are 
frequently administered despite the off-label use of TPO agonists. While they have the potential to 
temporarily delay transfusion dependencies,38 no randomized clinical trial was able to show that they 
also result in longer survival in MDS patients.39 For low risk MDS patients with ring sideroblasts failing 
EPO treatment, Luspatercept has been shown to improve hemoglobin levels compared to placebo and 
the substance also achieved transfusion independence in one third of treated individuals.40 Very 
recently, this led to the approval of Luspatercept by the European Medicines Agency. For low risk MDS 
patients with transfusion dependencies harboring a deletion of chromosome 5q (5q- syndrome), a 
targeted treatment approach with lenalidomide exists. Lenalidomide did not only led to transfusion 
independencies in a large fraction of treated patients, but also seems to improve survival in responding 
patients.41  
Allogeneic HSCT remains the only curative treatment for lower risk MDS patients, but due to relatively 
high early treatment-related mortality should only be adapted in young individuals with life-
threatening cytopenias failing the above mentioned therapy approaches.42 
 
Also in higher risk MDS patients, an allogeneic HSCT is the only curative treatment option. In contrast 
to individuals with lower risk, allogeneic HSCT should be evaluated early after diagnosis as data 
indicates improved life expectancy after early transplant in eligible patients.43 It remains to be proven 
that cytoreductive treatment prior to allogeneic HSCT in high risk MDS patients results in better post-
transplant outcomes. Still, the majority of centers perform cytoreduction prior to allogeneic HSCT, 
especially if the bone marrow blast count exceeds 10% or when a bridging therapy during donor search 
is necessary.44 While in the past most patients received AML-like intensive chemotherapy protocols,  
hypomethylating agents mostly replaced these treatment regimens after their approval in 2005 and 
showed at least comparable results as conventional chemotherapy.45 Also in patients not eligible for 
allogeneic HSCT, cytoreductive therapy with hypomethylating agents provides the best chance to 
reduce the risk of disease progression and subsequently prolongs survival compared to intensive 
chemotherapy, low dose cytarabine or best supportive care.46 While hypomethylating agents do not 
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have the potential to eradicate the MDS stem cell, they have the ability to decrease the clonal disease 
burden and can temporarily improve hematopoiesis. Additionally, a variety of clinical studies are 
testing potential combination therapies of hypomethylating agents, e.g. with the BCL2-inhibitor 
venetoclax,27,47,48 the TIM3-inhibitor MBG453 (NCT03946670) or immune checkpoint inhibitors,49 to 
further improve response rates and/or prolong survival. 
 
1.3 Allogeneic hematopoietic stem cell transplantation 
An allogeneic HSCT currently remains the consolidation option with the highest chance of cure in 
myeloid malignancies, including AML and MDS. Donor selection is based on a matching human 
leukocyte antigen (HLA) type. Over the last years, HLA typing was increasingly improved through the 
recognition of new alleles and techniques changing from serologic assays for protein detection to 
molecular methods defining HLA genes by their DNA sequence. Today, high resolution typing of the 
class I antigens HLA-A, HLA-B, and HLA-C and the two class II antigens HLA-DRB1, HLA-DQB1 are 
referred to as gold standard.50 The identification of alternative donor possibilities as cord blood51,52  
transplantation or haploidentical donor transplantation53 today allows the identification of a sufficient 
donor for nearly all patients.54,55 Additionally, with the introduction of reduced intensity or non-
myeloablative conditioning protocols, this powerful treatment can be offered to an increasing amount 
of older individuals which constitute the majority of AML and MDS patients.56,57 Apart from the 
conditioning, the therapeutic effect of an allogeneic HSCT relies on graft-versus-leukemia (GvL) effects, 
in which donor lymphocytes recognize disparate minor histocompatibility antigens and eliminate 
surviving leukemic cells.58,59 This GvL effect has the potential to maintain durable remissions but also 
harbors the risk of graft versus host disease (GvHD), a potentially lethal condition where the patient’s 









2. Frequency of leukemia initiating cell populations at diagnosis of AML and MDS 
2.1 Background  
Similar to normal hematopoiesis, AML and MDS are believed to be hierarchically structured.61–63 A 
small population of immature leukemic stem cells seems to be responsible for disease initiation, 
maintenance and relapse in myeloid neoplasm.64,65 The majority of these cells has been shown to exist 
within the CD34+/CD38- cell population, which was functionally validated to contain leukemic stem 
cells through their ability to initiate human leukemia in consecutive NOD/SCID mice generations.64,66,67  
Over the last years, novel leukemic stem cell markers have been described in the literature. Among 
them is the G protein-coupled receptor 56 (GPR56), which is a adhesion molecule regulating survival, 
migration and adhesion in various cell types.68 AML cells with high GPR56 expression have been shown 
to harbor leukemic stem cell potential also when they show low or absent CD34 expression,69,70  
suggesting GPR56 as a new marker with the ability to define leukemic stem cells independently of the 
CD34+ compartment.69 
The adverse prognostic impact of a high burden of leukemic stem cells – defined by the CD34+/CD38- 
or the GPR56+ bone marrow population - at AML diagnosis has already been published in patients 
receiving chemotherapy consolidation.69–73 However, no study assessed their prognostic relevance in 
AML patients receiving allogeneic HSCT. This was of special interest as data suggested that leukemic 
stem cells may also be less immunogenic than leukemic bulk cells and, thus, may also evade the GvL 
effect after allogeneic HSCT.74 In contrast to the published data in AML, data on the prognostic 
relevance of the leukemic stem cell populations in MDS patients remained sparse despite a suggestion 
that allogeneic HSCT may have the potential to eradicate MDS stem cells.75 
 
2.2 Own contribution 
Objectives 
o To evaluate the prognostic impact of the bone marrow CD34+/CD38- cell burden at diagnosis 
in AML patients who received an allogeneic HSCT for consolidation therapy. 
o To analyse whether evaluation of the GPR56 expression levels at diagnosis identifies distinct 
leukemic stem cell populations than the CD34+/CD38- cell burden and, thus, provides 
additional prognostic information. 
o To analyse the prognostic impact of the pre-treatment bone marrow CD34+/CD38- cell 
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Summary 
The first study included in this paragraph evaluated the prognostic significance of a high CD34+/CD38- 
cell burden at diagnosis in AML patients treated with an allogeneic HSCT as consolidation therapy. 
Despite a strong association with adverse clinical and genetic factors a high CD34+/CD38- cell burden 
remained an independent prognostic factor for shorter leukemia free and overall survival after 
allogeneic HSCT.76 
This work was later extended by the second manuscript included in this paragraph where the 
expression levels of the new leukemic stem cell marker GPR65 were analyzed in the context of the 
CD34+/CD38- cell population. It shows that in the large cohort of patients with a low CD34+/CD38- cell 
burden, high GPR56 expression levels identified individuals at higher risk of relapse. Combining both 
parameters, a stepwise increasing relapse incidence was observed in patients with low expression of 
both markers vs patients with a low CD34+/CD38- cell burden but high GPR56 expression vs patients 
with a high CD34+/CD38- cell burden. Thus, evaluation of GPR56 expression levels at diagnosis seems 
to provide risk stratification additionally to the CD34+/CD38- cell burden.77 
In contrast to the extensive data in AML patients, no study evaluated the prognostic significance of the 
leukemic stem cell population frequency in patients with MDS. The final manuscript in this paragraph 
shows that a CD34+/CD38- cell burden prior to initiation of cytoreductive treatment also is an adverse 
prognostic factor in MDS patients receiving an allogeneic HSCT as curative treatment approach. In this 
MDS population, the CD34+/CD38- cell burden allowed risk stratification additionally to the 
established prognostic scoring systems, as the IPSS and IPSS-R risk groups.78 
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In acute myeloid leukemia (AML), leukemia-initiating cells exist within the CD341/CD382 cell
compartment. They are assumed to be more resistant to chemotherapy, enriched in minimal resid-
ual disease cell populations, and responsible for relapse. Here we evaluated clinical and biological
associations and the prognostic impact of a high diagnostic CD341/CD382 cell burden in 169
AML patients receiving an allogeneic stem cell transplantation in complete remission. Here, the
therapeutic approach is mainly based on immunological graft-versus-leukemia e!ects. Percentage
of bone marrow CD341/CD382 cell burden at diagnosis was measured using "ow cytometry
and was highly variable (median 0.5%, range 0%–89% of all mononuclear cells). A high CD341/
CD382 cell burden at diagnosis associated with worse genetic risk and secondary AML. Patients
with a high CD341/CD382 cell burden had shorter relapse-free and overall survival which may
be mediated by residual leukemia-initiating cells in the CD341/CD382 cell population, escaping
the graft-versus-leukemia e!ect after allogeneic transplantation. Evaluating the CD341/CD382
cell burden at diagnosis may help to identify patients at high risk of relapse after allogeneic trans-
plantation. Further studies to understand leukemia-initiating cell biology and develop targeting
therapies to improve outcomes of AML patients are needed.
1 | INTRODUCTION
Hematopoietic stem cells (HSCs) are found in the bone marrow (BM)
and physiologically give rise to all blood cells.1 The phenotype of HSCs
is not well de#ned, but HSCs have been suggested to be part of the
primitive CD341/CD382 cell population.2 A high amount of the
CD341/CD382 cells seem to rest in the G0 cell cycle phase,3 and are
able to initiate retransplantable hematopoiesis in animal models.4
Acute myeloid leukemia (AML) is a disease originating from the clo-
nal expansion of HSCs or early progenitor cells that have lost the ability
to mature.5 Most researchers agree that similar to the physiological
HSCs, AML-initiating cells—often termed leukemia-initiating cells (LICs)
—also exist within the CD341/CD382 stem cell compartment.6–9 LICs
—opposed to the majority of circulating, proliferating leukemic blasts or
“bulk cells”—are postulated to survive chemotherapy as minimal residual
disease (MRD) and cause AML relapse; their nonproliferative state might
be one reason for resistance to chemotherapy.10–14 When transplanted
into NOD/SCID mice, CD341/CD382 cells of AML patients were able
to initiate leukemia and growth of tumors histologically similar to the
human donor’s neoplasm.7–15
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Hematopoietic stem cell transplantation (HSCT) o!ers a curative
treatment option for AML patients if a suitable donor is available. After
achievement of complete remission (CR), HSCT is an established form
of consolidation therapy for patients at high risk of relapse.16 The ther-
apeutic e!ects of HSCT are mainly based on an immunologic graft-
versus-leukemia (GvL) reaction.17
Previous studies have suggested that a high burden of LICs at
diagnosis of AML patients treated with chemotherapy increased their
relapse probability and associated with inferior outcomes.14,18–20 How-
ever, it is at present unknown whether a high burden of LICs has a sim-
ilar prognostic signi"cance in patients undergoing HSCT. As data
support the assumption that LICs are also less immunogenic than the
leukemic bulk cells,21 evaluation of the pretreatment LIC or the
CD341/CD382 cell burden in AML patients after allogeneic HSCT
might provide important biological and clinical information. The objec-
tive of this study was to determine the prognostic signi"cance of the
CD341/CD382 cell burden at diagnosis in patients undergoing HSCT
and to analyze associations between the CD341/CD382 cell burden
and clinical, cytogenetic, and molecular characteristics to provide fur-
ther biological insights.
2 | PATIENTS AND METHODS
2.1 | Patients and treatment
We analyzed 169 adult AML patients who received HSCT in CR at the
University of Leipzig between June 2001 and July 2013, and for whom
pretreatment BM aspirate material for #ow cytometry analysis was
available. All patients received standard cytarabine-based protocol
chemotherapy and were transplanted in the "rst or second CR (for
details, please see Supporting Information). Written informed consent
for participation in these studies was obtained in accordance with the
Declaration of Helsinki.
Forty-nine (29%) patients received myeloablative conditioning
(MAC), which consisted of cyclophosphamide 60 mg/kg body weight
for 2 days and 12 Gy total body irradiation (TBI),22 whereas 120 (71%)
patients received nonmyeloablative conditioning (NMA), which con-
tained #udarabine 30 mg/m2 for 3 days followed by 2 Gy TBI.23,24 All
patients received granulocyte colony stimulating factor-mobilized
peripheral blood stem cells on day 0. Reasons for NMA, as opposed to
MAC conditioning, were age (patients over 50 years if receiving unre-
lated HSCT [n5102] and patients over 55 years if receiving related
HSCT [n517]) and previous autologous HSCT (n51).
Prior to HSCT, all patients were treated according to age-
dependent chemotherapy protocols (under or over 60 years); for
details, please see Supporting Information. Patients’ characteristics are
shown in Table 1 and Supporting Information, Table S1. At HSCT,
patients had a median age of 62 years (range 19–75) and according to
protocols, patients receiving MAC-HSCT were signi"cantly younger
than patients receiving NMA-HSCT (MAC-HSCT, median 40, range
19–55; NMA-HSCT, median 66, range: 47–75 years; P < .001). Sur-
vival analyses according to conditioning regimes are provided in Sup-
porting Information, Figure S1 and Table S2.
At the time of HSCT, 83% of all patients (84% in MAC-HSCT and
83% in NMA-HSCT) were in their "rst and 17% (16% in MAC-HSCT
and 18% in NMA-HSCT) were in second CR (for CR de"nition, see
Supporting Information). Donors were human leukocyte antigen (HLA)-
matched related in 23% of cases (39% in MAC-HSCT and 14% in
NMA-HSCT), while 54% (53% in MAC-HSCT and 58% in NMA-HSCT)
were HLA-matched unrelated and 23% (8% in MAC-HSCT and 28% in
NMA-HSCT) were unrelated with at least one antigen mismatch.
2.2 | Cytogenetics and molecular markers
Pretreatment BM cytogenetic analyses were performed centrally in our
institution. The presence of internal tandem duplication in the FLT3
gene (FLT3-ITD), mutations in the FLT3 tyrosine kinase domain (FLT3-
TKD), and in the NPM1 and CEBPA genes were determined as
described previously.25–27
2.3 | Flow cytometry
For all 169 patients, mononuclear BM cells were assessed for surface
expression of CD34, CD38, and CD34/CD38 at diagnosis. For details,
please see Supporting Information.
2.4 | De!nition of clinical end points and statistical
analysis
Statistical analyses were performed using the R statistical software
platform (version 3.0.2). Utilizing the “OptimalCutpoints” package, an
optimal cuto! of 6% was identi"ed that divided the cohort into
patients with a high or a low CD341/CD382 cell burden.
Overall survival (OS) was calculated from HSCT until death from
any cause and relapse-free survival (RFS) was calculated from HSCT to
relapse or death from any cause.
Associations of CD341/CD382 burden with baseline clinical,
demographic, and molecular features were compared using the Krus-
kal–Wallis test and Fisher’s exact test for continuous and categorical
variables, respectively. For time-to-event analyses, survival estimates
were calculated using the Kaplan–Meier method. Groups were com-
pared with the log-rank test. Multivariable analysis is described in Sup-
porting Information.
3 | RESULTS
3.1 | Associations of CD341/CD382 cell burden in
BM at diagnosis with genetic and clinical
characteristics
The CD341/CD382 cell burden at diagnosis was highly variable
(median 0.5%, range 0%–89% of all mononuclear cells). There was no
di!erence in the CD341/CD382 cell burden between younger
(<60 years) and older (!60 years) patients at diagnosis (P 5 .14, Figure
1A). However, while there were no di!erences between age groups in
the European LeukemiaNet (ELN),28 Favorable, Intermediate-I, or




TABLE 1 Clinical characteristics of AML patients treated with HSCT according to CD341/CD382 cell burden at diagnosis (< 6% vs !6%)
Characteristics All patients (n 5 169)
Low CD341/CD382
cell burden (n 5 144)
High CD341CD382
cell burden (n 5 25) P
Age at HSCT, years .14
Median 62 61 63
Range 19–75 19–75 30–74
Sex, n (%) .67
Male 85 (50) 71 (49) 14 (56)
Female 84 (50) 73 (51) 11 (44)
Hemoglobin, g/dL .45
Median 8.6 8.6 9.4
Range 4.5–15.7 4.5–15.7 5.3–13.3
Platelet count, 3109/L .04
Median 63 74 40
Range 2–327 2–327 13–178
WBC count, 3109/L .07
Median 7.9 7.5 35.5
Range 0.7–385 0.7–385 1.1–295
Percentage of blood blasts, % .11
Median 26 22 47
Range 0–98 0–98 2–97
Percentage of BM blasts, % .83
Median 56 56 60
Range 0–95 0–95 0–95
Karyotype, n (%) .39
Abnormal 84 (52) 69 (50) 15 (60)
Normal 79 (49) 69 (50) 10 (40)
ELN genetic group, n (%) .001
Favorable 42 (30) 41 (32) 1 (5)
Intermediate-I 39 (26) 33 (25) 6 (29)
Intermediate-II 32 (21) 30 (23) 2 (10)
Adverse 38 (25) 26 (20) 12 (57)
Disease origin, n (%) .009
De novo 116 (69) 105 (73) 11 (44)
Secondary 53 (31) 39 (27) 14 (56)
MDS 32 25 7
MPN 10 6 4
Solid tumor 11 8 3
NPM1, n (%) .19
Wild-type 109 (74) 90 (71) 19 (86)





ELN Adverse Genetic Group had a trend for a higher CD341/CD382
cell burden at diagnosis than younger patients (P 5 .10, median 2.7%
vs 1%, Figure 1E).
In further analyses, we used a 6% cuto! to divide the patients
according to their CD341/CD382 cell burden at diagnosis into low
[<6%, n 5 144 (85%)] and high [!6%, n 5 25 (15%)] burden groups.
Subgroup analyses restricted to patients receiving HSCT in the "rst CR
are shown in Supporting Information, Table S3 and Figure S5.
At diagnosis, a high CD341/CD382 cell burden associated with
lower platelet counts (P 5 .04), and, by trend, higher white blood cell
(WBC) counts (P 5 .07). Patients developing AML as a secondary dis-
ease following myelodysplastic syndrome, myeloproliferative neoplasia,
or solid tumors were more likely to have a high CD341/CD382 cell
burden at diagnosis than patients with de novo AML (P 5 .009).
Patients with a high CD341/CD382 cell burden were more likely to
have a complex karyotype (!3 cytogenetic abnormalities,28 P 5 .02),
monosomy 5 or deletion of 5q (P 5 .004) or to have a monosomal
karyotype29 (P 5 .004). Among the ELN Genetic Groups, patients with
high CD341/CD382 cell burden at diagnosis were less often classi"ed
in the Favorable (5% vs 32%) and more often in the Adverse (57% vs
20%) Genetic Group (P 5 .001, Table 1). Furthermore, none of the
patients with a high CD341/CD382 cell burden at diagnosis harbored
a CEBPA mutation (P 5 .13).
3.2 | Prognostic value of CD341/CD382 cell burden
at diagnosis
A high CD341/CD382 cell burden at diagnosis associated with
shorter RFS (P < .001, Figure 2A) and OS (P 5 .005, Figure 2B). When
the distinct HSCT-conditioning protocols were regarded separately, we
TABLE 1 (continued)
Characteristics All patients (n 5 169)
Low CD341/CD382
cell burden (n 5 144)
High CD341CD382
cell burden (n 5 25) P
FLT3-ITD, n (%) .77
Absent 114 (78) 99 (79) 15 (75)
Present 32 (22) 27 (21) 5 (25)
CEBPA, n (%) .13
Wild-type 114 (85) 98 (83) 16 (100)
Mutated 20 (15) 20 (17) 0 (0)
Abbreviations: BM, bone marrow; ELN, European LeukemiaNet; FLT3-ITD, internal tandem duplication of the FLT3 gene; HSCT, hematopoietic stem
cell transplantation; MAC, myeloablative; MDS, myelodysplastic syndrome; MPN, myeloproliferative neoplasia; NMA, nonmyeloablative; WBC, white
blood cell.
FIGURE 1 CD341/CD382 cell burden according to age at diagnosis (<60 years vs !60 years). (A) All patients (n5169) versus healthy





observed shorter RFS (P 5 .002, Figure 2C) and OS (P 5 .02, Figure
2D) for patients with a high CD341/CD382 cell burden treated with
NMA-HSCT. In the group of MAC-HSCT-treated patients, only four
had a high CD341/CD382 cell burden at diagnosis preventing further
subanalyses of the MAC-HSCT-treated patients. Three years after
transplantation, 65% of patients with a low diagnostic CD341/CD382
cell burden were alive (including 56% of NMA-HSCT-treated patients)
and 60% relapse-free (including 53% of NMA-HSCT-treated patients).
In contrast, in the group with a high CD341/CD382 cell burden, only
43% of patients were alive (including 39% of NMA-HSCT-treated
patients) and only 24% (including 24% of NMA-HSCT-treated patients)
remained relapse-free after 3 years. The CD341/CD382 cell burden
at diagnosis did also impact on RFS and OS when we restricted our
analysis to patients with normal karyotype or de novo AML (Supporting
Information, Figures S2 and S3). Furthermore, in patients with ELN
Favorable or Intermediate genetic risk who had a high CD341/CD382
cell burden at diagnosis, we observed a trend for shorter RFS (P 5 .06)
and comparable OS (P 5 .11) to patients within the ELN Adverse
Genetic Group (Supporting Information, Figure S8).
In multivariable analysis (Table 2), a high CD341/CD382 cell bur-
den at diagnosis remained signi!cantly associated with shorter RFS
(P < .001) and shorter OS (P 5 .04) after adjustment for age at HSCT.
The risk of death or an event was about twice as high in patients with
a high diagnostic CD341/CD382 cell burden compared with that of
patients with a low CD341/CD382 cell burden.
4 | DISCUSSION
Similar to normal hematopoiesis, AML cells are thought to emerge
from primitive LICs with the ability of unlimited self-renewal.15,30 The
observation that leukemic CD341/CD382 cells are able to serially
transplant AML in NOD/SCID mice6,14,15 led to the assumption that
the CD341/CD382 BM compartment harbors the LIC population.30
AML bulk cells are often e"ciently eradicated by chemotherapeutic
agents. In contrast, LICs show resistance to chemotherapeutic
agents.31,32 LICs exist in a quiescent state within a stem cell niche and
have slow dividing properties.33 Among other biological features, this
FIGURE 2 Outcome of HSCT-treated AML patients according to the CD341/CD382 cell burden at diagnosis (<6% vs !6%). (A) Relapse-





quiescence and the increased expression of multidrug resistance genes
may explain the occurrence of relapse after cytotoxic therapy.21 Fur-
thermore, there is growing evidence that leukemic CD341/CD382
cells are also less immunogenic than AML bulk cells. Costello et al.21
showed reduced immunogenicity in vitro with lower lymphocyte prolif-
eration against a CD382 population and decreased IL-2 and IFN-g
secretion. Reasons for this observation might be a lower expression of
major immune response molecules in the CD341/CD382 cell popula-
tion. These observations led us to explore the outcomes as well as bio-
logical and clinical characteristics associated with the CD341/CD382
cell burden at diagnosis in AML patients undergoing HSCT.
While three previous studies did not !nd associations of a high
CD341/CD382 cell burden with cytogenetics,18,19,34 which may be
related to the varying numbers and characteristics of patients analyzed,
we found that patients with a high CD341/CD382 cell burden were
more likely to have poor-risk cytogenetics. In line with these !ndings,
we also observed an unequal distribution of patients with high and low
CD341/CD382 cell burden in the four ELN Genetic Groups, with
patients with a high CD341/CD382 cell burden being least often clas-
si!ed in the Favorable and most frequently in the Adverse Group
(Table 1 and Supporting Information, Table S1). Another study
described an association of a CD341/CD382/ALDHhigh LIC pheno-
type cell burden with poor-risk genetics (ELN adverse genetic risk,
monosomal, or complex karyotypes) in a cohort of 98 patients.35
Patients with a high CD341/CD382 cell burden were also more likely
to have secondary AML, which was also found for the patients harbor-
ing a CD341/CD382/ALDHhigh LIC phenotype.35 Thus, the size of
the LIC population might be interconnected and contribute to the
known adverse outcome of AML with adverse cytogenetic risk, for
example, monosomal or complex karyotypes and secondary AML. Fur-
thermore, none of the patients with a high CD341/CD382 cell burden
at diagnosis was CEBPA-mutated compared to 17% of patients with a
low CD341/CD382 cell burden. We did not observe signi!cant asso-
ciations of a high CD341/CD382 cell burden with the presence of
FLT3-ITD or NPM1 mutations in the entire cohort. However, when we
restricted our analysis to patients receiving HSCT in the !rst CR, none
of the patients with a high CD341/CD382 cell burden at diagnosis
were NPM1 mutated (P 5 .01, Supporting Information, Table S3). A
small number of studies analyzed the LIC population burden at diagno-
sis in the context of molecular markers and, similar to our study, none
found an association with the presence of FLT3-ITD.14,18,19,34 Whereas
Vergez et al.19 did not !nd an association of the presence of NPM1
mutations with the LIC population burden (de!ned by
CD341CD38low/2CD1231), Gerber et al.35 described a decreased
frequency of NPM1 mutations in an LIC phenotype de!ned by
CD341/CD382/ALDHhigh. It is known that CEBPA mutations activate
self-renewal capacity in committed myeloid progenitor cells,36 resulting
in more mature AML phenotypes, and that NPM1 mutations occur in
more mature CD342 AML cells.37 As the presence of mutations in
both genes impact positively on survival in cytogenetically normal
AML,38 the observed associations may indicate an important biological
interaction between CEBPA or NPM1 mutations and the LIC burden at
diagnosis in AML patients.
We were able to show that a high CD341/CD382 cell burden at
diagnosis associated with shorter RFS and OS after HSCT in CR. In
multivariable analysis, the CD341/CD382 cell burden retained its
prognostic value, independently of other known prognostic factors.
Some studies demonstrated that a high burden of LICs at AML diagno-
sis increased the relapse probability after chemotherapy and associated
with worse outcomes in di"erent patient cohorts.13,18–20,35 In general,
these studies described a wide range of diagnostic BM CD341/
CD382 cells, from 0.01% up to 71%, in AML patients, similar to the
!ndings in our study. Van Rhenen et al.14 found the diagnostic
CD341/CD382 cell burden of AML patients associated with a higher
MRD frequency evaluated by #ow cytometry after chemotherapy,
shorter OS, RFS, and disease-free survival (DFS). Hwang et al.34
described a higher CD341/CD382 cell burden at diagnosis in patients
who did not achieve a CR after one course of chemotherapy. Khan
et al.20 showed lower CR rates and shorter OS for patients over 60
years of age with a higher diagnostic CD341/CD382 cell burden in
blood, but not in BM. Other studies further characterized the analyzed
LIC population. Vergez et al.19 demonstrated that a high
CD341CD38low/2CD1231 cell burden associated with a lower CR
rate, shorter DFS, and shorter OS. Wang et al.18 performed #ow
cytometry on FISH-preselected blasts in AML with abnormal karyotype
and demonstrated a shorter OS and RFS and higher relapse rates in
patients with a high FISH1/CD341/CD382 cell burden at diagnosis.
In these studies, the chosen cuto"s to de!ne a high LIC burden were
those with the most signi!cant outcome impact and ranged from 1%
to 15%.14,18–20 This stands in line with our !nding with an optimal
TABLE 2 Multivariable outcome analyses of 169 AML patients treated with HSCT according to the CD341/CD382 burden at diagnosis
Relapse-free survival Overall survival
Variable HRa 95% CI P HRa 95% CI P
Age at the time of HSCT 1.03 1.01–1.05 .007 1.05 1.02–1.08 <.001
CD341/CD382 cell burden at diagnosis (!6% vs <6%) 2.44 1.46–4.08 <.001 1.86 1.05–3.37 .04
Abbreviations: CI, con!dence interval; HSCT, hematopoietic cell transplantation; HR, hazard ratio; MAC, myeloablative; NMA, nonmyeloablative.
aHR <1 (>1) indicate lower (higher) risk for an event for the !rst category listed for the dichotomous variables and for the higher values of the contin-
uous variables.
Variables considered in the models were those signi!cant at a5 0.20 in univariable analyses. Variables considered were sex, disease origin (de novo vs
secondary), ELN classi!cation, platelet count at diagnosis, blast count in bone marrow at diagnosis, CD341/CD382 burden at diagnosis, age at HSCT,




cuto! at 6% but also signi"cant outcome di!erences using a 2%, 7.5%,
or 10% cuto! (Supporting Information, Figure S4). Gerber et al.35
showed lower CR rates and shorter EFS and OS in patients with a
more immature LIC phenotype (CD341/CD382/ALDHhigh vs
CD341/CD382/ALDHintermediate vs CD342). However, within these
studies, only 16%–47% of all patients and only younger individuals
underwent HSCT, and none of the studies separately investigated the
outcome of a larger cohort of HSCT-treated patients, for whom the
GvL e!ect is thought to provide a continuous impact on residual dis-
ease. To our knowledge, this study is the "rst to show an adverse out-
come of patients with a high LIC-containing cell population at diagnosis
in a larger cohort treated with HSCT as consolidation therapy. Further-
more, the majority of AML patients we analyzed received an NMA-
conditioning protocol,23,39 for which the therapeutic e!ect is nearly
exclusively based on the GvL e!ect. The aforementioned reduced
immunogenicity of LICs observed by Costello et al.21 is supported by
our "nding that HSCT may not be able to fully overcome the described
poor prognosis of a high LIC burden at diagnosis. Clinically, not unlike
cytotoxic agents, the GvL e!ect may primarily impact on AML bulk
cells, and LICs within their BM niche may at least partly be able to
evade the GvL e!ect. This observation helps to deepen our under-
standing why after HSCT in CR, some AML patients remain in remis-
sion while others do not.
We also compared the CD341/CD382 cell burden in AML
patients at diagnosis to the CD341/CD382 BM cell counts during dis-
ease course (in CR before HSCT, at day 28 after HSCT, at relapse) and
to that of 20 healthy individuals (for details, see Supporting Informa-
tion). The CD341/CD382 cell counts of AML patients in CR were
comparable to or even lower than the CD341/CD382 cell count in
the healthy cohort and no signi"cant di!erence was observed between
patients with a high or a low CD341/CD382 cell burden at diagnosis.
Furthermore, the CD341/CD382 cell counts were higher during AML
relapse and comparable to the CD341/CD382 cell burden at diagno-
sis. For details, see Supporting Information, Figure S9. However, as
healthy HSCs also show the CD341/CD382 phenotype, this popula-
tion alone does not seem to present a suitable marker for risk assess-
ment in CR or MRD detection.
A high CD341/CD382 cell burden at AML diagnosis independ-
ently associated with worse outcomes in patients undergoing HSCT
suggesting that determination of the CD341/CD382 cell burden at
diagnosis may provide a simple and widely available method to improve
risk strati"cation in AML patients. This may help to identify patients in
need of closer remission monitoring and possibly adjustment of thera-
peutic approaches, for example, tapering of immunosuppressant agents
after HSCT. However, prospective studies to validate our "ndings are
needed.
Given the inferior outcomes of AML patients with a high CD341/
CD382 cell burden at diagnosis that we and others14,18–20,34,35
observed, regardless of HSCT as a consolidating therapy, new strat-
egies to target LICs may improve survival. For example, the ability to
target the CD341/CD382 cell population was shown for Gemtuzu-
mab ozogamicin,34 and in vitro combination with tipifarnib suggested
synergistic e!ects, especially on the LIC population.40 Even though
some evidence points to an intraindividual and interindividual hetero-
genic LIC phenotype,35 some surface markers such as CD123,34,41,42
CD96,43 or CD11744 may be able to discriminate between healthy
HSCs and AML LICs, and ways to therapeutically exploit these pheno-
type di!erences are under investigation.45,46 As CD123 seems to be
expressed on LICs rather than HSCs, another promising therapy are T-
cells expressing CD123-speci"c chimeric antigen receptors with high
e!ector activity against AML cell lines and patient samples in vitro
without a!ecting granulocyte or erythroid colonies.47 Further potential
therapeutic targets may be identi"ed from genes and proteins di!eren-
tially expressed in LICs compared to AML bulk cells or healthy
HSCs.9,48–50 Combining therapeutic approaches derived from these
studies with chemotherapy and/or HSCT may help to improve out-
comes—especially for those patients who have a high diagnostic
CD341/CD382 cell burden.
In conclusion, our data demonstrate that the negative prognostic
impact of a high CD341/CD382 cell burden at diagnosis seems not to
be easily overcome by the GvL e!ect after HSCT in AML patients. In
multivariable analysis, a high CD341/CD382 cell burden at diagnosis
was an independent factor for shorter RFS and OS, likely mediated by
LICs within the CD341/CD382 cell population escaping the GvL
e!ects of HSCT. However, HSCT versus non-HSCT studies will be
needed to evaluate whether patients with a high CD341/CD382 cell
burden at diagnosis might bene"t from a HSCT as consolidation ther-
apy, despite their worse outcome than patients with a low burden at
diagnosis. Determination of the CD341/CD382 cell burden at AML
diagnosis may help to improve risk strati"cation, adjust disease moni-
toring and treatment, especially that it is widely available and relatively
inexpensive. Finally, novel therapeutic agents targeting AML LICs
within the CD341/CD382 cell population may help to improve out-
comes of these patients.
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High expression of the stem cell marker GPR56 at
diagnosis identifies acute myeloid leukemia patients
at higher relapse risk after allogeneic stem cell
transplantation with the CD34+/CD38- population
In patients with acute myeloid leukemia (AML),
leukemia-initiating cells (LIC) are believed to be respon-
sible for disease initiation, maintenance, and relapse.
While the highest frequency of LIC exists in the
CD34+/CD38– bone marrow (BM) compartment,1 over
the past years it has become evident that a subset of the
CD34– and/or CD38+ population may also harbor AML
stem cell potential.2,3 LIC phenotypes also show inter-
individual heterogeneity dependent on genetic subtypes,4
and new potential LIC markers might better define this
population. The G protein-coupled adhesion molecule
GPR56 regulates survival, migration, and adhesion in 
various cell types.5 GPR56 was shown to be upregulated
in healthy hematopoietic stem cells as well as LIC, espe-
cially when residing in a quiescent state, and to be 
downregulated during hematopoietic maturation.6 In
AML, GPR56 may be important for the LIC - stem cell
niche interaction.7 With the ability to serially transplant
leukemia in NOD/SCID mice, high GPR56 expressing
AML cells were functionally validated as LIC.8,9 This abil-
ity was also found in LIC with low or absent CD34
expression, supporting GPR56 as a marker able to identi-
fy LIC independent of the CD34 expression status.8
High GPR56 expression has also been linked to a dis-
mal prognosis in AML patients consolidated with
chemotherapy.8-11
Recently, we demonstrated that a high CD34+/CD38-
BM cell burden (!6%) at diagnosis is associated with
shorter survival in AML patients receiving allogeneic
hematopoietic stem cell transplantation (HSCT).12 While
the outcome was dismal in most patients with a high
CD34+/CD38– cell burden, outcome remained heteroge-
neous in the large patient group (85%) with a low
CD34+/CD38– cell burden at diagnosis, ranging from
relapse 1 month after HSCT to 10 years disease-free 
follow up.
Here, we retrospectively evaluated the prognostic
impact of a differential GPR56 expression additionally to
the CD34+/CD38– cell burden in 213 AML patients for
whom BM aspirate material at diagnosis was available.
All patients were treated with cytarabine-based
chemotherapy and consolidated with non-myeloablative
(NMA; 72%) or myeloablative (MAC; 28%) HSCT in
complete remission (CR; 87%) or CR with incomplete
peripheral recovery (CRi; 13%). For further details see the
Online Supplementary Materials and Methods. Patients’
characteristics are shown in Table 1 and in the Online
Supplementary Tables S1-2. Median follow up after HSCT
for patients alive was 5.2 years.
At diagnosis, GPR56 expression and the expression of
an internal control gene (ABL1) were determined using
quantitative real time PCR in all patients and a median
cut-off of the normalized gene expression was used to
define high and low GPR56 expressers. In a patient sub-
set GPR56 expression assessed by flow cytometry corre-
lated well with GPR56 expression (R2=0.80; Online
Supplementary Figure S1). Flow cytometry determined the
CD34+/CD38– cell burden in patients with data available
(n=180) and the previously evaluated 6% cut12 defined
patients with a high or low CD34+/CD38– cell burden.
Karyotypes, the mutation status of 52 recurrently mutat-
ed genes in AML, and expression levels of BAALC, MN1,
and EVI1 were evaluated at diagnosis in patients with
available material (see the Online Supplementary Material
and Methods).
Previously, a high GPR56 expression has been linked to
AML with adverse cytogenetic or molecular risk, espe-
cially to anomalies of chromosomes 5 or 7, high EVI1
expression or the presence of RUNX1 mutations.7,8 EVI17
and RUNX16 were also described to directly target
GPR56. In line with these findings, we observed a higher
incidence of deletion (del) 7/7q (P=0.003), del5/5q
(P=0.005), complex (P=0.04) and monosomal (P=0.02)
karyotypes, higher frequency of RUNX1 mutations
(P=0.05) and more EVI1 positive cases (P=0.02) in high
GPR56 expressing patients. In contrast, a low GPR56
expression was previously described in core-binding fac-
tor (CBF) AML, AML with NPM1 mutations without the
presence of a FLT3-ITD and AML with
monocytic/monoblastic morphology.8,9 Consistently, we
observed a lower incidence of French American British
M5 (P=0.003) cases, CBF AML (P=0.003) as well as
NPM1 mutations (P=0.001) and NPM1 mutations with-
out FLT3-ITD (P<0.001) in  patients with high GPR56
expression. We could not confirm the previously
described high GPR56 expression in patients with mutat-
ed NPM1 and FLT3-ITD (GPR56 as continuous variable,
P=0.37), but only 18 NPM1 mutated patients in our set
harbored a FLT3-ITD. Additionally, we observed an asso-
haematologica 2020; 105:e507
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Figure 1 Cumulative incidence of relapse according to leukemia initiating cell burden. (A) according to the GPR56 expression at diagnosis, high vs. low, median









Table 1. Clinical and genetic characteristics of acute myeloid leukemia patients treated with hematopoietic stem cell transplantation 
according to the GPR56 expression at diagnosis, median cut, n=213.
Characteristic                                                   All patients                           Low GPR56                         High GPR56                             P
                                                                           (n=213)                              expression                           expression
                                                                                                                         (n=106)                               (n=107)                                 
                                                                                                                               
                                                                                                             Clinical Characteristics
Age at diagnosis, years 
Median                                                                                 59.7                                                58.4                                               60.7                                          0.14
Range                                                                              14.5-75.8                                        14.5-74.8                                      18.5-75.8                                         
Sex, n (%)
Male                                                                                     104                                              52 (49)                                         52 (49)                                         1
Female                                                                                 109                                              54 (51)                                         55 (51)                                          
Disease origin, n (%)
De novo                                                                               149                                              82 (77)                                         67 (63)                                       0.03
Secondary                                                                             64                                               24 (23)                                         40 (37)                                          
Hemoglobin, g/dL                                                                    
Median                                                                                 8.9                                                  9.2                                                 8.6                                           0.14
Range                                                                               4.3-15.7                                          4.5-15.7                                        4.3-14.9                                          
Platelet count, x 109/L
Median                                                                                  63                                                   58                                                  65                                           0.40
Range                                                                                 1-327                                              1-327                                            3-305                                            
WBC count, x 1009/L
Median                                                                                 7.5                                                 14.2                                                4.5                                          0.002
Range                                                                                0.7-385                                           0.9-385                                         0.7-295                                           
Percentage of blood blasts, %                                             
Median                                                                                  26                                                   32                                                  21                                           0.21
Range                                                                                   0-98                                                0-97                                              0-98                                             
Percentage of BM blasts, %
Median                                                                                  58                                                   60                                                  57                                           0.90
Range                                                                                  0-95                                               10-95                                             0-95                                             
BM CD34+/CD38- burden, %
Median                                                                                  0.5                                                  0.2                                                   1                                          <0.001
Range                                                                                   0-89                                               0-75                                              0-89                                             
                                                                                                             Genetic Characteristics
Karyotype, n (%)
Abnormal                                                                             115                                              50 (51)                                         65 (63)                                       0.09
Normal                                                                                  86                                               48 (49)                                         38 (37)                                          
Monosomal karyotype, n (%)
Absent                                                                                  174                                              92 (94)                                         82 (82)                                       0.02
Present                                                                                 24                                                 6 (6)                                           18 (18)                                          
Complex karyotype, n (%)
Absent                                                                                  169                                              89 (91)                                         80 (80)                                       0.04
Present                                                                                 29                                                 9 (9)                                           20 (20)                                          
del5/del(5q), n (%)
Absent                                                                                  189                                            100 (97)                                        89 (86)                                      0.005
Present                                                                                 18                                                 3 (3)                                           15 (14)                                          
del7/del(7q), n (%)
Absent                                                                                  177                                              96 (93)                                         81 (78)                                      0.003
Present                                                                                 30                                                 7 (7)                                           23 (22)                                          
CBF AML, n (%)
Absent                                                                                 181                                              83 (85)                                         98 (97)                                      0.003
Present                                                                                18                                               15 (15)                                           3 (3)                                            
Trisomy 8, n (%)





Present                                                                                 24                                               10 (10)                                         14 (14)                                          
ELN 2017 Genetic Group, n (%)
Favorable                                                                              55                                               43 (60)                                         12 (15)                                    <0.001
Intermediate                                                                       23                                                 6 (8)                                           17 (23)
Adverse                                                                                 65                                               23 (32)                                         42 (58)                                          
NPM1, n (%)
Wild-type                                                                             164                                              71 (67)                                         93 (87)                                      0.001
Mutated                                                                                49                                               35 (33)                                         14 (13)                                          
FLT3-ITD, n (%)
Absent                                                                                  174                                              89 (84)                                         85 (79)                                       0.48
Present                                                                                 39                                               17 (16)                                         22 (21)                                          
NPM1 mut/no FLT3-ITD, n (%)
Absent                                                                                  182                                              82 (77)                                        100 (93)                                   <0.001
Present                                                                                 31                                               24 (23)                                           7 (7)                                            
CEBPA, n (%) 
Wild-type                                                                             172                                              86 (91)                                         86 (92)                                       0.50
Single mutated                                                                    11                                                 5 (5)                                             6 (6)
Double mutated                                                                   5                                                  4 (4)                                             1 (1)                                            
DNMT3A, n (%)
Wild-type                                                                              64                                               30 (73)                                         34 (81)                                       0.44
Mutated                                                                                17                                               11 (27)                                          8 (19)                                           
FLT3-TKD, n (%)
Wild-type                                                                             178                                              93 (89)                                         85 (86)                                       0.52
Mutated                                                                                25                                               11 (11)                                         14 (14)                                          
IDH1, n (%)
Wild-type                                                                              71                                               37 (90)                                         34 (81)                                       0.35
Mutated                                                                                12                                               4 (10)                                           8 (19)                                           
IDH2, n (%)
Wild-type                                                                              70                                               34 (81)                                         36 (86)                                       0.77
Mutated                                                                                13                                                7 (19)                                           6 (14)                                           
JAK2, n (%)
Wild-type                                                                              76                                              41 (100)                                        35 (83)                                       0.01
Mutated                                                                                 7                                                  0 (0)                                            7 (17)                                           
RUNX1, n (%)
Wild-type                                                                              72                                               39 (95)                                         33 (79)                                       0.05
Mutated                                                                                11                                                 2 (5)                                            9 (21)                                           
TP53, n (%)
Wild-type                                                                              75                                               38 (90)                                         37 (90)                                         1
Mutated                                                                                 8                                                 4 (10)                                           4 (10)                                           
ASXL1, n (%)
Wild-type                                                                              69                                               32 (79)                                         37 (88)                                       0.25
Mutated                                                                                14                                                9 (21)                                           5 (12)                                           
EVI1 expression status, n (%)
Negative                                                                               118                                              65 (89)                                         53 (74)                                       0.02
Positive                                                                                 27                                                8 (11)                                          19 (26)                                          
MN1/ABL1 expression
Median                                                                                 0.12                                                0.02                                               0.26                                       <0.001
Range                                                                             0.00-59.67                                      0.00-1.63                                     0.00-59.67                                        
BAALC/ABL1 expression
Median                                                                                 0.08                                                0.01                                               0.20                                       <0.001
Range                                                                               0.00-56.3                                       0.00-2.41                                      0.00-56.3                                         
ABL1: Abelson murine leukemia viral oncogene homolog 1 gene; AML: acute myeloid leukemia; BAALC: brain and acute leukemia cytogenetic gene; BCOR: BCL6 corepres-
sor gene; BM: bone marrow; CBF: core-binding factor; CEBPA: CCAAT/enhancer-binding protein alpha gene; del: deletion; DNMT3A: DNA-methyltransferase 3A gene; ELN:
European LeukemiaNet; EVI1: ecotropic viral integration site gene; FLT3-ITD: internal tandem duplication of the FLT3 gene; FLT3-TKD: tyrosine kinase domain of the FLT3
gene; HSCT: hematopoietic stem cell transplantation; IDH1: isocitrat dehydrogenase 1 gene; IDH2: isocitrat dehydrogenase 2 gene; JAK2: janus kinase 2 gene; MN1: menin-
gioma-1 gene; NPM1: nucleophosmin-1 gene; RUNX1: Runt-related transcription factor 1 gene; TP53: tumor protein 53; WBC: white blood cell. 
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ciation of high GPR56 expression with lower white blood
count (P=0.002), secondary AML (P=0.03), and an
adverse ELN 201713 genetic risk (P<0.001), more JAK2
mutated AML (P=0.01), and higher BAALC and MN1
expression levels (P<0.001 and P<0.001, respectively) at
diagnosis. High GPR56 expressing patients also showed a
higher CD34+/CD38– cell burden at diagnosis (P<0.001)
and a distinct immunophenotype (see the Online
Supplementary Materials and Methods). Similar to patients
consolidated with chemotherapy,8-10 a high GPR56
expression associated with a higher cumulative incidence
of relapse (CIR; P=0.05, Figure 1A) in patients receiving
HSCT. As expected, a high CD34+/CD38– cell burden also
associated with a higher CIR in the here presented
patient population (P=0.001, Figure 1B). As described
above, outcome in the low CD34+/CD38– cell burden
group remained heterogeneous, but no further prognostic
impact was observed introducing an additional 1% or
2% cut for the CD34+/CD38– cell burden (Online
Supplementary Figure S2). We hypothesized that this may
be because of a LIC population not defined by the
CD34+/CD38– phenotype and that GPR56 – described to
define LIC independently of the CD34+/CD38– pheno-
type8 - might identify individuals at higher relapse risk in
patients with a low CD34+/CD38– cell burden (n=154).
Interestingly, in the low CD34+/CD38– cell burden group,
a high GPR56 expression identified AML patients with a
higher CIR than those with low GPR56 expression
(P=0.03), but a lower CIR than those with a high
CD34+/CD38– cell burden (P=0.03, Figure 1C). Thus, the
GPR56 expression may add further prognostic informa-
tion to the established CD34+/CD38– LIC phenotype. In
multivariable analysis, a higher LIC burden defined by
the CD34+/CD38– cell burden and GPR56 expression at
diagnosis significantly associated with a higher CIR after
adjustment for EVI1 expression status and shorter
leukemia free survival (LFS) after adjustment for platelet
count at diagnosis and age at HSCT (Table 2). The prog-
nostic significance of the CD34+/CD38– cell burden and
the GPR56 expression levels were also confirmed in an
independent patient cohort receiving HSCT, as well as a
second validation cohort consolidated with chemothera-
py (see Online Supplementary Materials and Methods and
Online Supplementary Figure S3-4), and a third validation
cohort using mRNA data within the TCGA dataset
(Online Supplementary Figure S5).
In previous studies, the dismal prognostic impact of a
high GPR56 expression was shown in patients consoli-
dated with chemotherapy8-10 and as part of a 17-gene
stemness score for outcome also in patients consolidated
with HSCT.14 To our knowledge, we are the first to ana-
lyze GPR56 expression levels as a single marker and in
context of the CD34+/CD38– cell burden at diagnosis and
its impact on the outcome after HSCT, a procedure that
relies on immunological graft-versus-leukemia (GvL)
effects. In line with previously published data, we
observed associations with adverse-risk and immature
genetic and immunophenotypic markers as well as a
higher CIR in patients with high GPR56 expression.
Despite a correlation between the CD34+/CD38– cell bur-
den and GPR56 expression levels, a high GPR56 expres-
sion identified individuals with a higher CIR within the
low CD34+/CD38– cell burden cohort, subsequently
adding valuable prognostic information to the
CD34+/CD38– phenotype.
Our findings underline the reduced immunogenicity
of LIC15 and indicate that the GvL effects after HSCT
may not be sufficient to prevent high GPR56 expressing
patients from relapse after HSCT. Despite the lack of
difference in non-relapse mortality (Online
Supplementary Figure S6A) and a separation of the LFS
curves, we observed no significant impact of high
GPR56 expression on LFS (P=0.14, Online Supplementary
Figure S6B) in univariable analysis. The GvL effects after
HSCT may contribute to an improved success of relapse
therapy consisting of cytotoxic treatment, reduction of
immunosuppressive drugs and/or donor lymphocyte
infusion. Therefore, GvL effects might not fully over-
come the inferior prognosis associated with a high
CD34+/CD38– cell burden,12 but may have this potential
in patients with low CD34+/CD38– cell burden but high
GPR56 expression. Prospective clinical studies are need-
ed to further address this point before implementation
into clinical practice. Finally, beyond their role as a prog-
nostic factor in AML, targeted therapies against the LIC
population, including GPR56, might improve patients’
outcome.  
Madlen Jentzsch, Marius Bill, Juliane Grimm, Julia Schulz,
Luba Schuhmann, Dominic Brauer, Karoline Goldmann,
Franziska Wilke, Georg-Nikolaus Franke, Gerhard Behre,
Wolfram Pönisch, Vladan Vucinic, Dietger Niederwieser, 
Uwe Platzbecker and Sebastian Schwind
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Table 2. Multivariable outcome analysis of 180 acute myeloid leukemia patients treated with hematopoietic stem cell transplantation 
according to the GPR56 expression and the CD34+/CD38– cell burden at diagnosis.
Variable                                                                                     Cumulative incidence of Relapse                                 Leukemia Free Survival
                                                                                                 HR*             95% CI              P                              OR**          95% CI            P
Leukemia initiating cell population                                                       1.77               1.12-2.80              0.02                                    0.67             0.51-0.89          0.007
(low CD34+/CD38– & low GPR56 vs. low 
CD34+/CD38– & high GPR56 vs. high CD34+/CD38–)                               
EVI1 expression at diagnosis                                                                  2.54               1.27-5.08             0.008                                     !                      !                    !
(negative vs. positive)                                                                                 
Age at HSCT, years                                                                                       !                        !                      !                                      0.97             0.95-0.99          0.008
Platelet count at diagnosis, Gpt/l                                                             !                        !                      !                                      1.00             1.00-1.01           0.03
CI: confidence interval; HSCT: hematopoietic stem cell transplantation; HR: hazard ratio; OR**: odds ratio, <1 (>1) indicate lower (higher) risk for an event for the first 
category listed for the dichotomous variables and for the higher values of the continuous variables.  Variables considered in the models were those significant at =0.20 in
univariable analyses. Variables considered for CIR were: disease origin (secondary  vs. de novo), ELN 2017 genetic group, platelet count at diagnosis, leukemia initiating cell
population at diagnosis (low CD34+/CD38– & low GPR56 vs. low CD34+/CD38 & high GPR56 vs. high CD34+/CD38–),  EVI1 expression at diagnosis (negative vs. positive),
BAALC expression at diagnosis (negative vs. positive),  MN1 expression at diagnosis (negative vs. positive). Variables considered for LFS were: disease origin (secondary  vs.
de novo), ELN 2017 genetic group, platelet count at diagnosis, bone marrow blast count at diagnosis, leukemia initiating cell population at diagnosis (low CD34+/CD38– &
low GPR56 vs. low CD34+/CD38– & high GPR56 vs. high CD34+/CD38–),  EVI1 expression at diagnosis (negative vs. positive) and age at HSCT. 
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A B S T R A C T
Myelodysplastic syndrome (MDS) is a highly heterogeneous clonal hematopoietic disorder. Allogeneic hematopoi-
etic stem cell transplantation (HSCT) remains the only curative treatment and is of particular interest in patients at
high risk for progression to acutemyeloid leukemia (AML). In MDS, CD34+/CD38! cells possess MDS stem cell poten-
tial, and secondary AML (sAML) clones originate from the MDS disease stage. However, the prognostic impact of the
pretreatment stem cell population burden in MDS remains unknown. We retrospectively analyzed the prognostic
impact of the pretreatment CD34+/CD38! cell burden in 124 MDS patients who received allogeneic HSCT at our
institution. A high pretreatment bone marrow CD34+/CD38! cell burden (!1%) was associated with worse genetic
risk and a higher incidence of blast excess. Patients with a high CD34+/CD38! cell burden had a signi!cantly higher
cumulative incidence of MDS relapse, a higher cumulative incidence of secondary AML, and a trend for shorter over-
all survival after allogeneic HSCT. In multivariable analyses this prognostic impact was shown to be independent of
other clinical and cytogenetic risk factors in MDS. Patients suffering MDS relapse or progression to AML also had a
higher pre-treatment CD34+/CD38! cell burden as a continuous variable. The observed prognostic impact is likely
mediated by MDS stem cells within the CD34+/CD38! cell population initiating MDS relapse or progression to AML.
New therapeutic strategies targeting MDS stem cells might improve outcomes.








Myelodysplastic syndromes (MDS) and myelodysplastic/
myeloproliferative neoplasm (MDS/MPN) are heterogeneous
clonal hematopoietic disorders resulting in inef!cient hemato-
poiesis and a variable progression risk to secondary acute mye-
loid leukemia (AML) [1-3]. At diagnosis, the International
Prognostic Scoring System (IPSS) [1] and the revised interna-
tional prognostic scoring system (IPSS-R) [2] are commonly
used to estimate disease aggressiveness for subsequent thera-
peutic decision-making. Allogeneic hematopoietic stem cell
transplantation (HSCT) remains the only curative treatment
option for MDS patients and is of particular interest in high-
risk disease [4]. Retrospective analyses suggested survival
advantages for high-risk MDS patients receiving HSCT com-
pared with alternative treatment options such as hypomethy-
lating agents [5,6]. With the introduction of conditioning
regimens with reduced intensity, allogeneic HSCT became
available for older or comorbid individuals who represent the
majority of MDS patients [4,7]. In AML patients leukemic stem
cells are believed to be responsible for disease initiation and
relapse [8,9]. Similar to healthy HSCs, most AML stem cells
reside within the immature bone marrow CD34+/CD38! cell
population [8-10].
A high diagnostic burden of CD34+/CD38! cells is known to
provide prognostic information in AML patients because it
independently associated with worse outcome [11-13]. HSCs
were also reported as the origin of the disease in low-risk MDS
[14,16-19], whereas in MDS progressing to secondary AML
MDS-initiating clones were shown to persist in secondary AML
[14,15]. Furthermore, the bone marrow CD34+/CD38! cell
compartment was described to harbor most MDS-initiating
cells [14,16,20,21]. Some studies showed a correlation
between a high expression of the immature surface antigens
CD34 and CD117 and worse outcomes in MDS patients in bone
marrow [22,23] or peripheral blood [24]. Especially high CD34
expression was linked to a high proportion of immature MDS
bone marrow cells, high-risk MDS, poor IPSS risk groups, and
worse genetic risk [22,23,25-27]. However, data on the
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prognostic utility of the highly immature CD34+/CD38! cell
burden in MDS patients remain sparse. Only one study
described an association of a high fraction of CD34+/intermedi-
ate forward-scatter/sideward-scatter/CD38dim cells with poor
IPSS risk and suggested a correlation with disease progression
in a small cohort of eleven MDS patients [28]. Thus, the main
objective of our study is to assess the prognostic impact of the
bone marrow CD34+/CD38! cell burden in a larger set of MDS
patients before initiation of therapy followed by an allogeneic
HSCT as curative treatment.
METHODS
Patient Population
We retrospectively analyzed 124 consecutive adult patients diagnosed
with MDS (n=107, 86%) or MDS/MPN (n=17, 14%) who received an allogeneic
HSCT at our institution between January 2003 and September 2017. Median
age at HSCT was 61.3 years (range, 22.2 to 74.4). For all patients bone marrow
aspirates for !ow cytometric analyses were collected 0 to 110 months after
MDS diagnosis. Patients received no cytoreductive treatment for their MDS
before sample collection. Patients were grouped according to the IPSS and
IPSS-R risk groups before initiation of treatment [1,2]. Further patient charac-
teristics are shown in Table 1 and Supplementary Table S1. Median follow-up
of surviving patients after HSCT was 4.3 years (range, .2 to 13.6) for patients
alive. Written informed consent for all individuals was obtained in accor-
dance with the Declaration of Helsinki.
Treatments
Median time from assessment of the pretreatment CD34+/CD38! cell bur-
den to allogeneic HSCT was 128 days (range, 4 to 1218). Fifty-four patients
(44%) received a reduced-intensity (RIC) conditioning before HSCT that con-
sisted of !udarabine with busulfan (n = 49) or treosulfan (n = 5) [29,30]. Sev-
enty patients (56%) received non-myeloablative (NMA) conditioning that
consisted of !udarabine with 2 Gy (n = 68) or 3 Gy (n = 2) total body irradia-
tion [7]. All patients received granulocyte colony-stimulating factor!mobi-
lized peripheral blood stem cells on day 0. Donors were either HLA-matched
related (n = 17, 14%), HLA-matched unrelated (n = 69, 56%), or had at least
one HLA allelic mismatch (n = 38, 31%). Seventy-three patients (59%) received
additional cytoreductive treatment before HSCT. Additional treatment before
HSCT was administered to patients with a bone marrow blast count exceed-
ing 10% or in patients with intermediate-2 or high-risk IPSS as bridging to
HSCT or according to patient choice. Treatments consisted of either hypome-
thylating agents (25%), intensive chemotherapy (24%), or both (10%). For fur-
ther details regarding the applied therapy protocols, see Supplemental
Material. Median time from MDS diagnosis to allogeneic HSCT was 7 months
(range, 1 to 114).
Healthy Control Subjects
Bone marrow aspirates of 51 healthy individuals were analyzed as
healthy age-matched control subjects. Median age of the healthy control sub-
jects was 57.1 years (range, 50.1 to 75.3). Written informed consent for all
healthy individuals was obtained in accordance with the Declaration of Hel-
sinki.
Flow Cytometry
For all samples mononuclear bone marrow cells were assessed for surface
expression of CD34, CD38, and CD34/CD38 as previously described [13]. For
all patients (n=124), the CD34+/CD38! cells were assessed before initiation of
treatment. Additionally, we evaluated the CD34+/CD38! cell burden in 73
patients up to 30 days before HSCT (median, 20 days; range, 4 to 30) and in
85 patients 28 days after HSCT (median, 28 days; range, 24 to 32).
Cut-Off Point De!nition for Pre-treatment CD34+/CD38! Cell Burden
Using R’s “Optimal Cutpoints” package [31], an optimal cut-off of 1% pre-
treatment bone marrow CD34+/CD38! cells was assessed to differentiate
patients according to their relapse probability (Supplementary Figure S1).
De!nition of Clinical Endpoints and Statistical Analysis
All statistical analyses were performed using the R statistical software
platform (version 3.4.3) [32]. Cumulative incidence of relapse (CIR) was calcu-
lated from HSCT to morphologic relapse. Cumulative incidence of secondary
AML (CIsAML) was calculated from HSCT to development of secondary AML.
CIR and CIsAML were calculated considering their competing risks (non-
relapse mortality and non-AML mortality, respectively) using the Fine and
Gray model [33]. Overall survival (OS) was calculated from HSCT to death
from any cause. Survival estimates were calculated using the Kaplan-Meier
method, and groups were compared with a log-rank test. Associations were
compared using the Kruskal-Wallis test and Fisher’s exact test for continuous
and categorical variables, respectively.
RESULTS
CD34+/CD38! Cells in MDS Patients and Healthy Control
Subjects
MDS or MDS/MPN patients had a median bone marrow pre-
treatment CD34+/CD38! cell burden of .4% (range, 0% to 16%).
This was signi"cantly higher than the bone marrow CD34+/
CD38! cell count of the healthy control subjects (median, .2%;
range, 0% to 0.8%; P = .003) (Supplementary Figure S2).
Prognostic Impact of a High Pretreatment CD34+/CD38! Cell
Burden
Regarding the pretreatment CD34+/CD38! cell burden as a
continuous variable, a signi"cantly higher pretreatment
CD34+/CD38! cell burden was observed in patients suffering
relapse or progression after HSCT (P = .005) as well as in
patients developing a secondary AML (P = .002) compared with
patients remaining in remission. For further analyses the
de"ned optimal 1% cut-off (Supplementary Figure S1) was
used to divide the cohort into patients with a high (n = 42,
34%) or low (n = 82, 66%) pretreatment CD34+/CD38! cell bur-
den. A high pretreatment CD34+/CD38! cell burden was associ-
ated with a signi"cantly higher CIR (P < .001; Figure 1A) and a
signi"cantly higher CIsAML (P = .004; Figure 1B). Despite a sep-
aration of the curves, OS did not signi"cantly differ between
patients with high or low pretreatment CD34+/CD38! cell bur-
den (P = .12; Figure 1C).
Three years after HSCT, CIR was 48% (95% con"dence interval
[CI], 30% to 63%) versus 18% (95% CI, 10% to 27%), CIsAML was
32% (95% CI, 17% to 47%) versus 9% (95% CI, 4% to 17%), and OS
was 49% (95% CI, 35% to 69%) versus 64% (95% CI, 54% to 76%) in
patients with a high or low pretreatment CD34+/CD38! cell bur-
den, respectively. In multivariable analyses a high pretreatment
CD34+/CD38! cell burden remained an independent factor for
higher CIR after adjustment for IPSS-R genetic risk; for higher
CIsAML after adjustment for IPSS-R genetic risk, age at HSCT,
and HLA match; and for shorter OS after adjustment for pre-
HSCT bone marrow blast count, HLA match, and donor type
(Table 2). A high pretreatment CD34+/CD38! cell burden was
also associated with worse outcome when we excluded patients
with MDS/MPN from our analysis (CIR, P = .004; CIsAML,
P = .003; OS, P = .08) (Supplementary Figure S3).
Associations of a High Pretreatment CD34+/CD38! Cell
Burden
A high pretreatment CD34+/CD38! cell burden was associ-
ated with a higher bone marrow expression of surface antigens
indicating myeloid differentiation (CD13, P < .001, and CD33,
P < .001) and a higher bone marrow expression of the imma-
ture surface antigens CD34 (P < .001) and CD117 (P < .001). All
patients with a high pretreatment CD34+/CD38! cell burden
(n = 42, 100%) had an excess of blasts in bone marrow (!5%)
and/or peripheral blood (!1%) compared with 59 patients
(72%) with a low CD34+/CD38! cell burden (P < .001). Patients
with a high pretreatment CD34+/CD38! cell burden were sig-
ni"cantly more likely to have received cytoreductive treatment
before HSCT (76% versus 51%, P = .007) than patients with a low
pretreatment CD34+/CD38! cell burden. A high pretreatment
CD34+/CD38! cell burden was signi"cantly associated with an
abnormal karyotype (P = .04), complex karyotype (P = .002),
and monosomal karyotype (P = .004). Furthermore, a high pre-
treatment CD34+/CD38! cell burden was associated with
worse IPSS and IPSS-R genetic risk (P< .001 and P = .02, respec-
tively) and with worse risk groups according to IPSS and IPSS-R
(P < .001 and P = .03, respectively; Table 1 and Supplementary
Table S1).










Burden (n = 82)
High Pre-treatment BM
CD34+/CD38! Cell
Burden (n = 42)
P
Pre-treatment characteristics
Pretreatment BM CD34+/CD38! cell burden, % <.001
Median .4 .2 2.65
Range 0-16 0-.9 1-16
Sex, n (%) .13
Male 71 51 (62) 20 (48)
Female 53 31 (38) 22 (52)
WHO 2008 classi!cation, n (%) NA
MDS
RA 15 15 (18) 0 (0)
RCMD 8 8 (10) 0 (0)
del(5q) 1 1 (1) 0 (0)
RAEB 1 29 19 (23) 10 (24)
RAEB 2 54 28 (34) 26 (62)
MDS/MPN
CMML1 6 8 (7) 0 (0)
CMML2 8 4 (5) 4 (10)
MDS/MPN-U 3 1 (1) 2 (5)
Disease, n (%) 1
MDS 107 71 (87) 36 (86)
MDS/MPN 17 11 (13) 6 (14)
Blast excess, n (%) <.001
No 23 23 (28) 0 (0)
Yes 101 59 (72) 42 (100)
Disease origin, n (%) .51
Secondary 30 18 (22) 12 (29)
De novo 94 64 (78) 30 (71)
IPSS-R score, n (%) .03
Very low 0 0 (0) 0 (0)
Low 9 7 (9) 2 (5)
Intermediate 35 29 (38) 6 (15)
High 36 16 (26) 10 (26)
Very high 45 24 (32) 21 (54)
IPSS-R genetic risk, n (%) .02
Very good 4 3 (4) 1 (3)
Good 58 43 (52) 15 (38)
Intermediate 16 14 (17) 2 (5)
Poor 17 11 (13) 6 (15)
Very poor 26 11 (13) 15 (38)
Normal karyotype, n (%) .04
Absent 77 47 (57) 30 (77)
Present 44 35 (43) 9 (23)
Complex karyotype, n (%) .002
Absent 83 70 (85) 23 (59)
Present 28 12 (15) 16 (41)
Monosomal karyotype, n (%) .004
Absent 87 65 (81) 22 (55)
Present 33 15 (19) 18 (45)
HSCT related characteristics
Age at HSCT, yr .82
Median 61.3 61.3 61.3
Range 22.2-74.4 22.2-74.4 47.1-69.1
Therapy before HSCT, n (%) .007
MDS untreated 50 40 (49) 10 (24)
MDS treated 73 41 (51) 32 (76)
Hypomethylating agents alone 31 21 (26) 10 (24) .13
(continued)
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Subgroup Analyses for Patients with Blast Excess Before
Therapy
Because of the strong association of a high CD34+/CD38!
cell burden and an excess of blasts, we performed subgroup
analyses for patients presenting with an excess of blasts
before therapy (n = 101). Here, similar associations as in the
whole patient cohort were observed (Supplementary Table
S2). In patients with an excess of blasts before therapy, a
high pretreatment CD34+CD38! cell burden was also
associated with a signi!cantly higher CIR (P = .002;
Figure 2A), higher CIsAML (P = .004; Figure 2B), but no signi!-
cantly different OS (P = .21; Figure 2C), which was also inde-
pendent from other variables in multivariable analyses
(Supplementary Table S3). The presence versus absence of an
excess of blasts in patients with a low pretreatment CD34+/
CD38! cell burden (23 [19%] versus 69 [56%]) did not impact
any of the analyzed endpoints (CIR, P = .42; CIsAML, P = .23;






Burden (n = 82)
High Pre-treatment BM
CD34+/CD38! Cell
Burden (n = 42)
P
AML chemotherapy alone 30 16 (20) 14 (33)
Both 12 4 (5) 8 (19)
HCT-CI score, n (%) .66
0 28 20 (25) 8 (20)
1/2 34 23 (29) 11 (27)
!3 58 36 (46) 22 (53)
BM blasts before HSCT, n (%) .66
"10% 119 79 (96) 37 (95)
!10% 5 3 (4) 2(5)
Pre-HSCT CD34§/CD38! cell burden, n (%) ".001
Low ("1%) 56 46 (96) 10 (40)
High (!1%) 17 2 (4) 15 (60)
Conditioning regimens, n (%) .85
Reduced intensity 54 35 (43) 19 (45)
Non-myeloablative 70 47 (57) 23 (55)
HLA allelic match, n (%) .15
Matched 86 53 (65) 33 (79)
Mismatched 38 29 (35) 9 (21)
Donor type, n (%) .79
Related 17 12 (15) 5 (12)
Unrelated 107 70 (85) 37 (88)
Donor sex, n (%) .75
Female into male 106 70 (91) 36 (88)
All others 12 7 (9) 5 (12)
CMV risk, n (%) .54
No high risk 77 49 (64) 28 (70)
High risk 40 28 (36) 12 (30)
BM indicates bone marrow; CMML, chronic myelomonocytic leukemia; CMV, cytomegalovirus; HCT-CI, hematopoietic cell transplant!speci!c comorbidity index;
HSCT hematopoietic stem cell transplantation; RAEB, refractory anemia with excess blasts; RCMD, refractory cytopenia with multilineage dysplasia; WHO, World
Health Organization.
Figure 1. Outcome according to the pretreatment bone marrow CD34+/CD38! cell burden (high versus low, 1% cut). (A) CIR, (B) CIsAML, and (C) OS of the entire
patient cohort (N = 128).
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Pretreatment CD34+/CD38! Cell Burden in the Context of IPSS-
R Risk Groups
Because the IPSS-R is known to provide prognostic informa-
tion in MDS patients [2], we aimed to evaluate if the pretreat-
ment CD34+/CD38! cell burden allows additional risk
strati!cation. In a separate analysis of patients with low or
intermediate IPSS-R risk, a high CD34+/CD38! cell burden was
associated with a signi!cantly higher CIR (P < .001; Figure 3A),
a higher CIsAML (P = .003; Figure 3B), but similar OS (P = .73;
Figure 3C). In patients with a high or very high IPSS-R risk, a
higher pre-treatment CD34+/CD38! cell burden was associated
with higher CIR (P = .05; Figure 3A), higher CIsAML (P = .03;
Figure 3B), and a shorter OS (P = .02; Figure 3C).
CD34+/CD38! Cell Burden during Disease Course
We observed no prognostic impact of the pre-HSCT CD34+/
CD38! cell burden or the CD34+/CD38! cell burden evaluated
28 days after HSCT. However, these analyses are limited by
restricted sample sizes (n = 73 and n = 85, respectively) and
heterogeneous cytoreductive treatments before HSCT. For a
detailed analysis, see Supplemental Material and Supplemen-
tary Figures S4 and S5.
DISCUSSION
Similar to healthy hematopoiesis, primitive CD34+/CD38!
stem cells have been identi!ed as the disease-initiating cells in




HR (95% CI) P HR (95% CI) P Odds Ratio* (95% CI) P
Pretreatment BM CD34+/CD38! cell burden (high vs. low, 1% cut) 2.88 (1.37-6.06) .005 3.13 (1.23-7.99) .02 .47 (.26-.84) .01
IPSS-R genetic risk 1.36 (1.01-1.83) .04 1.43 (1.02-2.02) .04 — —
Age at HSCT, yr — — 1.11 (1.02-1.18) .01 — —
Pre-HSCT BM blasts (<10% vs. >10%) — — — — 5.88 (1.96-16.67) .001
HLA match (allelic MM vs. match) — — .24 (.06-1.02) .05 .34 (.18-.64) <.001
Donor type (unrelated vs. related) — — 3.23 (1.45-7.14) .004
Variables considered in the models were those signi!cant at a = .20 in univariable analyses. For CIR endpoint, variables considered were pretreatment CD34+/CD28!
cell burden (high vs. low, 1% cut), age at HSCT, blast excess (absent vs. present), IPSS-R genetic risk, donor sex (female into male vs. all others), and HLA match (allelic
MM vs. match). For CIsAML endpoint, variables considered were CD34+/CD28! cell burden (high vs. low, 1% cut), age at HSCT, blast excess (absent vs. present), IPSS-R
genetic risk, pre-HSCT BM blast count (<10% vs. !10%), and HLA match (allelic MM vs. match). For OS endpoint, variables considered were CD34+/CD38! cell burden
(high vs. low, 1% cut), IPSS-R genetic risk, pre-HSCT BM blast count (<10% vs. !10%), HLA match (allelic MM vs. match), and donor type (unrelated vs. related). HR
indicates hazard ratio; MM, mismatch.
* Less than 1 (>1) indicate lower (higher) risk for an event for the !rst category listed for the dichotomous variables.
Figure 2. Outcome according to the pretreatment bone marrow CD34+/CD38! cell burden (high versus low, 1% cut) in relation to the existence of blast excess. (A) CIR,
(B) CIsAML, and (C) OS of the entire patient cohort (N = 124).
Figure 3. Outcome according to the pretreatment bone marrow CD34+/CD38! cell burden (high versus low, 1% cut) and the IPSS-R risk group (low or intermediate
versus high or very high) (n = 115). (A) CIR. (B) CIsAML. (C) OS.
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contain MDS founding mutations [14,16,21], which also per-
sisted in individuals progressing to secondary AML. Thus, MDS
seems to be as clonal as AML irrespective of the blast count at
MDS diagnosis [15]. MDS stem cells were also shown ineffec-
tive in reconstituting normal hematopoiesis in mice, explain-
ing the frequently occurring cytopenias [20].
Hypomethylating agents represent the most frequently used
treatment option for MDS patients but fail to eradicate the MDS
founding clone [35]. In contrast, an allogeneic HSCT may have
the potential to eradicate MDS stem cells [35] and remains the
only curative treatment option for MDS patients [4]. In this con-
text, identi!cation of MDS patients with a high risk for MDS
relapse or consecutive progression to secondary AML after allo-
geneic HSCT seems crucial to improve outcomes. In AML
patients a high burden of leukemic stem cells at diagnosis is
known to be associated with adverse outcomes, irrespective of
chemotherapy- or HSCT-based treatment approaches [11-13].
Thus, we speculated that a high burden of MDS stem cells before
initiation of therapy might also be a prognostic factor in MDS
patients who receive curative treatment by applying allogeneic
HSCT. Monreal et al. [28] suggested a higher incidence of disease
progression in patients with a high fraction of CD34+/intermedi-
ate forward-scatter/sideward-scatter/CD38dim cells in a cohort
of 11 individuals, but no other study analyzed the prognostic
impact of the CD34+/CD38! cell burden in MDS patients. Two
studies correlated the expression of immature surface antigens
with MDS patient outcome. An increased risk of sAML and
shorter OS was shown for a portion of more than 1% bone mar-
row myeloid CD34+ cells alone and additionally to the IPSS-R
intermediate risk group in 260 MDS patients without disease-
modifying treatment [23]. A second study that excluded chronic
myelomonocytic leukemia patients showed that not only a high
bone marrow expression of CD34 (3% and higher) but also the
immature surface antigen CD117 (5% and higher) were associ-
ated with shorter OS and leukemia-free survival [22].
Analyzing these cut-offs in our patient population, only the
CD34 expression was associated with outcome (Supplemen-
tary Figure S4). However, comparison with the Bayesian infor-
mation criterion identi!ed the model including the CD34+/
CD38! cell burden as the preferred model over CD34 expres-
sion alone (Supplementary Table S4). We observed a signi!-
cantly higher CIR and a strikingly higher CIsAML in patients
with a high pretreatment CD34+/CD38! cell burden but,
despite a separation of the survival curve, no signi!cantly dif-
ferent OS. A high bone marrow expression of CD34+/CD38dim
and/or high CD34+ cells have been previously associated with
parameters with known dismal impact on outcome as refrac-
tory anemia with excess blast MDS subtypes, higher blast
counts, higher IPSS and IPSS-R risk, and worse cytogenetic risk
[22,28,37]. Similar associations were observed for MDS
patients with a high pretreatment CD34+/CD38! cell burden in
our study. However, in multivariable analyses the observed
prognostic impact was independent from other clinic and
genetic factors for all 3 analyzed endpoints. The presence of a
monosomal or complex karyotype has a highly dismal prog-
nostic impact in MDS patients [38,39] and is also associated
with the presence of a high pretreatment CD34+/CD38! cell
burden in our study. In bivariable analyses of the pretreatment
CD34+/CD38! cell burden and a monosomal or complex karyo-
type, a high pretreatment CD34+/CD38 cell burden retained its
impact on CIR and CIsAML (Supplementary Tables S5 and S6).
Because of the strong association of the pretreatment CD34+/
CD38! cell burden with the presence of an excess of blasts, we
also analyzed outcome according to both parameters separately.
Here, a high pre-treatment CD34+/CD38! cell burden and not
the mere presence of an excess of blasts before initiation of ther-
apy was the main prognostic factor. Finally, we evaluated
whether the pre-treatment CD34+/CD38! cell burden provided
prognostic information additionally to the IPSS-R. Because of
restricted patient numbers the IPSS-R low- and intermediate-
risk groups and the high- and very-high-risk groups were ana-
lyzed together. Despite the strong prognostic in"uence of the
IPSS-R in our patient group, a high pre-treatment CD34+/CD38!
cell burden identi!ed patients with a higher CIR and CIsAML,
irrespective of their IPSS-R category. Previously, our group
showed in AML patients undergoing allogeneic HSCT a signi!-
cantly shorter leukemia-free survival and shorter OS for individ-
uals with a CD34+/CD38! cell burden ! 6% at diagnosis [13].
Applying this cut-off in our MDS patients set, we observed a
clear separation in all survival curves with the highest impact in
CIsAML (Supplementary Figure S7). Of the seven patients with a
pre-treatment CD34+/CD38! cell burden ! 6% surviving longer
than 100 days after HSCT, four developed a secondary AML after
HSCT.
Because dose intensities differ between RIC and NMA-HSCT,
we also performed separate analyses for both conditioning
regimens. The pretreatment CD34+/CD38! cell burden had the
strongest prognostic impact in the 70 MDS patients receiving
NMA-HSCT (Supplementary Figure S8D-E). Despite a separa-
tion of the CIR and CIsAML curves, outcome was not signi!-
cantly different between the 54 patients with a high or a low
pretreatment CD34+/CD38! cell burden after RIC- HSCT (Sup-
plementary Figure S8A-C). Although these analyses are
restricted because of limited patient numbers, they indicate
that the more intensive RIC conditioning might provide better
disease control in patients with a high pretreatment CD34+/
CD38! cell burden.
Taken together, our data suggest that evaluation of the pre-
treatment CD34+/CD38! cell burden provides prognostic infor-
mation additionally to other prognostic factors. Our study is
limited by its restriction to patients receiving allogeneic HSCT
and its retrospective character, and our !ndings should be vali-
dated in larger prospective analyses. Also, increased expression
of genes related to immature progenitors and several gene
mutations have been shown to adversely in"uence MDS
patient outcome [36,40,41]. Unfortunately, material for further
molecular analyses was not available for our patient set, and
further studies are needed to evaluate the pretreatment
CD34+/CD38! cell burden in the context of the mutational
landscape in MDS.
In conclusion, we observed a strong association of a high
pretreatment CD34+/CD38! cell burden with high-risk disease
features in MDS patients. However, evaluation of the pretreat-
ment MDS stem cell burden by the CD34+/CD38! cells pro-
vided independent prognostic information additionally to
IPSS-R risk categories and the presence of blast excess and
monosomal or complex karyotypes in patients receiving an
allogeneic HSCT. Future prospective studies are needed to eval-
uate whether intensi!cation of conditioning regimens in eligi-
ble patients or introducing an MDS-targeting treatment option
can reduce relapse rates in patients with a high pre-treatment
CD34+/CD38! cell burden.
ACKNOWLEDGMENTS
Presented in part at the 23rd Congress of the European
Hematology Association, June 14-17, 2018, Stockholm, Sweden.
The authors thank Christel M!uller, Daniela Bretschneider,
Evelin Hennig, Sabine Leiblein, Martina Pleß, Ulrike Berg-
mann, Janet Bogardt, Annette Jilo, and Dagmar Cron for their





help in determining cytogenetic, morphologic, and immuno-
logic analyses.
Financial disclosure: The authors have nothing to disclose.
Con!ict of interest statement: There are no con!icts of inter-
est to report.
Authorship statement: M.J. and U.G. contributed equally to
this work, wrote the manuscript, and collected data. M.J. and
S.S. contributed to the design and analysis of this study and
performed statistical analyses. J.G., G.N.F., W.P., V.V., G.B., and
D.N. were involved directly or indirectly in the care of patients
and/or sample procurement. All authors agreed on the "nal
version of the manuscript.
SUPPLEMENTARY DATA
Supplementary data related to this article can be found
online at https://doi.org/10.1016/j.bbmt.2019.03.022.
REFERENCES
1. Greenberg PL, Cox C, LeBeau MM, et al. International scoring system for
evaluation prognosis in myelodysplastic syndromes. Blood. 1997;89:
2079–2088.
2. Greenberg PL, Tuechler H, Schanz J, et al. Revised international prognostic
scoring system. Blood. 2012;120:2454–2465.
3. Arber DA, Orazi A, Hasserjian R, et al. The 2016 revision to the World
Health Organization classi"cation of myeloid neoplasms and acute leuke-
mia. Blood. 2016;127:2391–2405.
4. Wetzko K, Platzbecker U. Transplants in myelodysplastic syndromes.
Hematol Oncol Clin North Am. 2014;28:1011–1022.
5. Estey E, de Lima M, Tibes R, et al. Prospective feasibility analysis of
reduced-intensity conditioning (RIC) regimens for hematopoietic stem
cell transplantation (HSCT) in elderly patients with acute myeloid leuke-
mia (AML) and high-risk myelodysplastic syndrome (MDS). Blood.
2007;109:1395–1400.
6. Platzbecker U, Schetelig J, Finke J, et al. Allogeneic hematopoietic cell
transplantation in patients age 60-70 years with de novo high-risk myelo-
dysplastic syndrome or secondary acute myelogenous leukemia: compari-
son with patients lacking donors who received azacitidine. Biol Blood
Marrow Transplant. 2012;18:1415–1421.
7. McSweeny PA, Niederwieser D, Shizuru JA, et al. Hematopoietic cell trans-
plantation in transplantation in older patients with hematologic malig-
nancies: replacing high-dose cytotoxic therapy with graft-versus-tumor
effects. Blood. 2001;97:3390–3400.
8. Lapidot T, Sirard C, Vormoor J, et al. A cell initiating human acute myeloid
leukaemia after transplantation into SCID mice. Nature. 1994;367:
645–648.
9. Warner JK, Wang JCY, Hope KJ, et al. Concepts of human leukemic devel-
opment. Oncogene. 2004;23:7164–7177.
10. Terstappen LWMM, Huang S, Safford M, et al. Sequential generations of
hematopoietic colonies derived from single nonlineage-committed CD34
+CD38- progenitor cells. Blood. 1991;77:1218–1227.
11. Van Rhenen A, Feller N, Kelder A, et al. High stem cell frequency in acute
myeloid leukemia at diagnosis predicts high minimal residual disease and
poor survival. Clin Cancer Res. 2005;11:6520–6527.
12. Khan N, Freeman SD, Virgo P, et al. An immunophenotypic pre- treatment
predictor for poor response to induction chemotherapy in older acute
myeloid leukaemia patients: blood frequency of CD34+ CD38 low blasts.
Br J Haematol. 2015;170:80–84.
13. Jentzsch M, Bill M, Nicolet D, et al. Prognostic impact of the CD34+/CD38-
cell burden in patients with acute myeloid leukemia receiving allogeneic
stem cell transplantation. Am J Hematol. 2017;92:388–396.
14. Woll PS, Kj!allquist U, Chowdhury O, et al. Myelodysplastic syndromes are
propagated by rare distinct human cancer stem cells in vitro. Cancer Cell.
2014;25:794–808.
15. Walter MJ, Shen D, Ding L, et al. Clonal architecture of secondary acute
myeloid leukemia. N Engl J Med. 2012;366:1090–1098.
16. Pang WW, Pluvinage JV, Price EA, et al. Hematopoietic stem cell and pro-
genitor cell mechanisms in myelodysplastic syndromes. Proc Natl Acad Sci
USA. 2013;110:3011–3016.
17. Nilsson L, Astrand-Grundstr!om I, Anderson K, et al. Involvement and func-
tional impairment of the CD34(+)CD38(-)Thyr-1(+) hematopoietic stem
cell pool in myelodysplastic syndromes with trisomy 8. Blood. 2002;100:
259–267.
18. Nilsson L, Ed"en P, Olsson E, et al. The molecular signature of MDS stem
cells supports a stem-cell origin of 5q myelodysplastic syndromes. Blood.
2007;110:3005–3014.
19. Nimer SD. MDS: a stem cell disorder—but what exactly is wrong with the
primitive hematopoietic cells in this disease? Hematol Am Soc Hematol
Educ Progr. 2018;1:43–51.
20. Nilsson L, Astrand-Grundstr!om I, Jacobsson B, et al. Isolation and charac-
terization of hematopoietic progenitor/stem cells in 5q-deleted myelodys-
plastic syndromes: evidence for involvement at the hematopoietic stem
cell level. Blood. 2000;96:2012–2021.
21. Chesnais V, Arcangeli ML, Delette C, et al. Architectural and functional het-
erogeneity of hematopoietic stem/progenitor cells in non-del(5q) myelo-
dysplastic syndromes. Blood. 2017;129:484–496.
22. Falco P, Levis A, Stacchini A, et al. Prognostic relevance of cytometric quan-
titative assessment in patients with myelodysplastic syndromes. Eur
J Haematol. 2011;87:409–418.
23. Chen-Liang TH, Casado-Prieto AM, Campos-Rodríguez V, et al. An
increased percentage of myeloid CD34+ bone marrow cells strati"es inter-
mediate IPSS-R myelodysplastic syndrome patients into prognostically
signi"cant groups. Int J Lab Hematol. 2018;40:549–555.
24. Sullivan K, Marsden K, Lowenthal R, et al. Circulating CD34+ cells: an
adverse prognostic factor in the myelodysplastic syndromes. Am J Hema-
tol. 1992;39:96–101.
25. Guyotat D, Campos L, Thomas X, et al. Myelodysplastic syndromes: a study
of surface markers and in vitro growth patterns. Am J Hematol. 1990;34:
26–31.
26. Maynadie M, Picard F, Husson B, et al. Immunophenotypic clustering of
myelodysplastic syndromes. Blood. 2002;100:2349–2356.
27. Oertel J, Oertel B, Beyer J, et al. CD34 immunotyping of blasts in myelodys-
plasia. Ann Hematol. 1994;68:77–80.
28. Monreal MB, Pardo ML, Pavlovsky MA, et al. Increased immature hemato-
poietic progenitor cells CD34+/CD38dim in myelodysplasia. Cytom B Clin
Cytom. 2006;70B:63–70.
29. Slavin S, Nagler A, Naparstek E, et al. Nonmyeloablative stem cell trans-
plantation and cell therapy as an alternative to conventional bone marrow
transplantation with lethal cytoreduction for the treatment of malignant
and nonmalignant hematologic diseases. Blood. 1998;91:756–763.
30. Kr!oger N, Iacobelli S, Franke GN, et al. Dose-reduced versus standard con-
ditioning followed by allogeneic stem-cell transplantation for patients
with myelodysplastic syndrome: a prospective randomized phase III
study of the EBMT (RICMAC trial). J Clin Oncol. 2017;35:2157–2164.
31. L"opez-Rat"on M, Rodríguez-"Alvarez M, Cadarso-Su"arez C, et al. Optimal-
Cutpoints: an R package for selecting optimal cutpoints in diagnostic tests.
J Stat Softw. 2014;61:1–36.
32. Core Team R. R: A Language and Environment for Statistical Computing.
Vienna, Austria: R Foundation for Statistical Computing; 2017. Available
at: www.R-project.org.
33. Gray RJ, Aclassof K. Sample tests for comparing the cumulative incidence
of a competing risk. Ann Stat. 1988;16:1141–1154.
34. Cumano A, Godin I. Ontogeny of the hematopoietic system. Annu Rev
Immunol. 2007;25:745–785.
35. Craddock C, Quek L, Goardon N, et al. Azacitidine fails to eradicate leuke-
mic stem/progenitor cell populations in patients with acute myeloid leu-
kemia and myelodysplasia. Leukemia. 2013;27:1028–1036.
36. Xu F, Li X, Chang C-K, et al. Establishment and validation of an updated
diagnostic FCM scoring system based on pooled immunophenotyping in
CD34+ blasts and its clinical signi"cance for myelodysplastic syndromes.
PLoS One. 2014;9:e88706.
37. Patnaik MM, Hanson CA, Hodne"eld JM, et al. Monosomal karyotype in
myelodysplastic syndromes, with or without monosomy 7 or 5, is prog-
nostically worse than an otherwise complex karyotype. Leukemia.
2011;25:266–270.
38. Valcarcel D, Adema V, Sole F, et al. Complex, not monosomal, karyotype is
the cytogenetic marker of poorest prognosis in patients with primary
myelodysplastic syndrome. J Clin Oncol. 2013;31:916–922.
39. Shiozawa Y, Malcovati L, Galli A, et al. Gene expression and risk of leuke-
mic transformation in myelodysplasia. Blood. 2017;130:2642–2653.
40. Lindsley RC, Saber W, Mar BG, et al. Prognostic mutations in myelodys-
plastic syndrome after stem-cell transplantation. N Engl J Med. 2017;376:
536–547.
41. Della Porta MG, Gallì A, Bacigalupo A, et al. Clinical effects of driver
somatic mutations on the outcomes of patients with myelodysplastic syn-
dromes treated with allogeneic hematopoietic stem-cell transplantation.
J Clin Oncol. 2016;34:3627–3637.
1566 M. Jentzsch et al. / Biol Blood Marrow Transplant 25 (2019) 1560!1566
 37 
3 Measurable residual disease detection in AML  
3.1 Background  
Even after risk-adapted and intensive first line treatments in curative intention, the majority of AML 
patients will eventually relapse and die from their disease.1 AML relapse is mediated by a small amount 
of residual tumor cells not detectable with conventional methods, that survive chemotherapy and are 
referred to as measurable residual disease (MRD).11,12 Today, a variety of methods and markers have 
been shown to allow MRD detection during remission, predict impeding relapse and, thus, allow 
dynamic risk stratification during disease course. One frequently used method is the detection of 
leukemia-associated immunophenotypes or cells expressing aberrant, “different from normal” 
phenotypes by flow cytometric analyses.12 On the other hand, it is possible to target genetic 
aberrations detected at AML diagnosis, which began with FISH analyses over 20 years ago79 and today 
is performed for gene mutations, gene expression levels and/or fusions genes using highly sensitive 
techniques as quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) or next 
generation sequencing (NGS).11,12 
While flow MRD has the advantage of applicability in the large majority of patients, it is highly user-
dependent, in general has lower sensitivities than PCR-based methods and inter-laboratory 
standardization efforts still remain insufficient.12 Thus, current guidelines recommend the use of flow 
MRD only in patients lacking a marker that can be tracked by PCR.12 Till today, the most evaluated MRD 
target are mutations affecting the NPM1 gene, which are highly stable during disease course in the 
majority of patients, but only affect up to 30% of individuals diagnosed with AML. Thus, much effort 
was invested into evaluating additional recurrently mutated genes in AML for their utility as MRD 
targets. While the clinical value of the MRD status in AML for informed treatment decisions became 
increasingly evident, many questions remain regarding the optimal time-point, used specimen and – 
especially – used MRD target. Despite we still lack data from prospective randomized clinical trials on 
how to adapt treatment strategies to prevent morphologic relapse and, subsequently, prolong 
survivals, there is clear evidence for the prognostic value of MRD analyses, irrespective of the used 
MRD marker and method.80–86  
 
3.2 Own contribution 
Objectives 
o To evaluate the utility of BAALC expression levels in complete remission prior to allogeneic 
HSCT for outcome prediction in AML patients. 
o To assess whether MN1 expression levels in complete remission allow MRD analysis prior to 
allogeneic HSCT. 
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Manuscripts included in this paragraph 
Jentzsch M, Bill M, Grimm J, Schulz J, Goldmann K, Beinicke S, Häntschel J, Pönisch W, Franke 
G-N, Vucinic V, Behre G, Lange T, Niederwieser D, Schwind S.  
High Blood BAALC Copy Numbers at Allogeneic Transplantation Predict Early Relapse in 
Patients with Acute Myeloid Leukemia. Oncotarget 2017; 8:87944-87954. 
 
Jentzsch M, Bill M, Grimm J, Schulz J, Beinicke S, Häntschel J, Goldmann K, Pönisch W, Franke 
G-N, Vucinic V, Cross M, Behre G, Lange T, Niederwieser D, Schwind S.  
Prognostic impact of blood MN1 copy numbers before allogeneic stem cell transplantation in 
patients with acute myeloid leukemia. HemaSphere 2019; 3: e167. 
 
Summary 
The prognostic relevance of MRD evaluation has been evaluated at distinct time points during AML 
disease course. The MRD status prior to the start of the conditioning treatment of an allogeneic HSCT 
seems to be of particular importance for long-term outcomes as MRD-positive patients have adverse 
outcomes that in some studies resembled that of patients transplanted without a morphologic 
remission.87 Both manuscripts included in this paragraph contribute to enhancing pre-HSCT risk 
stratification by evaluating the prognostic significance of two new MRD targets at this timepoint. Here, 
it is shown that the AML associated genes brain and acute leukemia, cytoplasmic (BAALC) and 
meningioma-1 (MN1) also allow risk stratification in AML patients in remission prior to consolidation 
treatment with an allogeneic HSCT. Patients with high BAALC or MN1 expression levels in remission 
prior to HSCT had significantly higher relapse rates and shorter overall survival, most likely due to a 
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ABSTRACT
High BAALC expression levels at acute myeloid leukemia diagnosis have been 
linked to adverse outcomes. Recent data indicate that high BAALC expression levels 
may also be used as marker for residual disease following acute myeloid leukemia 
treatment. Allogeneic hematopoietic stem cell transplantation (HSCT) offers a curative 
treatment for acute myeloid leukemia patients. However, disease recurrence remains 
a major clinical challenge and identification of high-risk patients prior to HSCT is 
crucial to improve outcomes. We performed absolute quantification of BAALC copy 
numbers in peripheral blood prior (median 7 days) to HSCT in complete remission (CR) 
or CR with incomplete peripheral recovery in 82 acute myeloid leukemia patients using 
digital droplet PCR (ddPCR) technology. An optimal cut-off of 0.14 BAALC/ABL1 copy 
numbers was determined and applied to define patients with high or low BAALC/ABL1 
copy numbers. High pre-HSCT BAALC/ABL1 copy numbers significantly associated 
with higher cumulative incidence of relapse and shorter overall survival in univariable 
and multivariable models. Patients with high pre-HSCT BAALC/ABL1 copy numbers 
were more likely to experience relapse within 100 days after HSCT. Evaluation of 
pre-HSCT BAALC/ABL1 copy numbers in peripheral blood by ddPCR represents a 
feasible and rapid way to identify acute myeloid leukemia patients at high risk of early 
relapse after HSCT. The prognostic impact was also observed independently of other 
known clinical, genetic, and molecular prognosticators. In the future, prospective 
studies should evaluate whether acute myeloid leukemia patients with high pre-
HSCT BAALC/ABL1 copy numbers benefit from additional treatment before or early 
intervention after HSCT.
INTRODUCTION
The identification of cytogenetic, molecular, and 
clinical factors impacting on outcome at acute myeloid 
leukemia (AML) diagnosis improved risk stratification 
[1, 2]. But pre-treatment AML characterization may 
not capture all parameters important for outcome, e.g. 
response or resistance to therapy [3]. Early detection 
of measurable residual disease (MRD) through 
multiparameter flow cytometric (MFC) or quantitative 
real time PCR (qRT-PCR) assays may allow treatment 
intervention before overt relapse occurs [3–5]. MFC 
enables MRD assessment through detection of aberrant 
surface antigen expression in complete remission (CR) 
[Wormann et al, ASH 1991, 6, 7]. However, heterogenic 
outcomes were observed in MFC-MRD studies [8] and 
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reproducibility of MFC-MRD assessment is limited by 
the need of specialized laboratories [3, 4]. Sensitive qRT-
PCR enabled MRD detection in AML cases with common 
fusion genes and in NPM1 mutated AML [3, 9, 10]. 
Thus qRT-PCR MRD monitoring is widely restricted to 
patients carrying specific molecular alterations [11] with 
the exception of Wilms' tumor gene 1 (WT1) expression 
[9, 12]. Because clonal evolution can occur at disease 
progression and might complicate early disease detection 
at relapse [13], it seems reasonable to track several MRD 
markers per patient.
The gene brain and acute leukemia, cytoplasmic 
(BAALC) has been suggested as a suitable MRD marker as 
it is expressed at low levels in peripheral blood and bone 
marrow of healthy individuals [14, 15], but upregulated 
in AML patients [15]. High BAALC expression levels 
at AML diagnosis have been shown to associate with 
adverse outcomes [16–19]. Recently, high BAALC levels 
have also been linked to worse outcome if measured by 
qRT-PCR after achievement of CR [15], completion of 
induction therapy [11, 20] or after allogeneic stem cell 
transplantation (HSCT) [21]. However, qRT-PCR has 
the disadvantage of the need of calibration curves and 
poor inter-laboratory comparability. In chronic myeloid 
leukemia (CML) this led to complex harmonization efforts 
for BCR-ABL1 detection [22], which are not yet clinical 
practice for MRD markers in AML. Here we adopted 
digital droplet PCR (ddPCR), a new technique which 
allows an absolute quantification without the need of 
standard curves [23].
Allogeneic HSCT is a potential curative treatment 
option for AML patients and offers the highest chance of 
sustained remissions [2]. Non-myeloablative conditioning 
regimens (NMA), in which the therapeutic success is mainly 
based on graft-versus-leukemia (GvL) effects, enabled 
allogeneic HSCT in comorbid or older individuals [24]. 
Disease recurrence after HSCT remains a major clinical 
problem with short patient survival [25]. Until today, no 
study evaluated the feasibility of BAALC expression levels 
for risk stratification in AML patients prior to allogeneic 
HSCT in CR or CR with incomplete peripheral recovery 
(CRi), which was the main objective of our study. Early 
identification of AML patients at high risk of relapse 
may result in adjustment of treatment strategies prior to 
morphologic relapse and subsequently improve outcomes. 
With the goal of a robust, rapid, and reproducible approach, 
we used peripheral blood to assess the feasibility of ddPCR 
for absolute quantification of BAALC/ABL1 copy numbers.
RESULTS
BAALC/ABL1 copy numbers in AML patients 
prior to HSCT and in healthy individuals
Within the patient cohort in CR or CRi prior to 
HSCT, we observed a median pre-HSCT BAALC/ABL1 
copy number of 0.03 (range 0.00-2.58, Figure 1). In 
the healthy control cohort, median BAALC/ABL1 copy 
numbers were 0.04 (range 0.03-0.10). Overall, there 
was no significant difference in the BAALC/ABL1 copy 





numbers between both groups (P=.34). The patient cohort 
and the healthy control cohort were evenly matched in age 
(P=1) and sex (P=1, Supplementary Table 2).
Associations of high pre-HSCT BAALC/ABL1 
copy numbers with clinical and biological 
characteristics
Patients with high and low pre-HSCT BAALC/ABL1 
copy numbers did not differ significantly in the evaluated 
characteristics at diagnosis (Table 1, Supplementary Table 1). 
However, there was a trend for a lower incidence of CEBPA 
mutations in patients with high pre-HSCT BAALC/ABL1 
copy numbers (P=.09). Patients with high and low pre-
HSCT BAALC/ABL1 copy numbers also did not differ 
significantly in pre-HSCT characteristics; specifically, no 
significant differences were found regarding the remission 
status at HSCT, white blood count at time of blood sampling 
for BAALC/ABL1 copy number evaluation or time from 
blood sampling to HSCT (Supplementary Table 1).
Prognostic significance of pre-HSCT BAALC/
ABL1 copy numbers
Patients with high pre-HSCT BAALC/ABL1 copy 
numbers had a significantly higher cumulative incidence 
of relapse (CIR, P=.02, Figure 2A) and shorter overall 
survival (OS, P=.03, Figure 2B) which was reproduced 
when we restricted our analysis to patients with a normal 
karyotype (n=38, P=.007 and P=.11, respectively, Figures 
2C and 2D). Subgroup analyses for patients harboring de 
novo disease (n=52, Supplementary Figure 2), patients 
transplanted in CR (n=68, Supplementary Figure 3), 
CD34-positive AML (n=31, Supplementary Figure 4), 
patients surviving longer than 100 days after HSCT 
(n=71, Supplementary Figure 5), as well as patients 
with diagnostic BAALC/ABL1 copy number information 
available (n=51, Supplementary Figure 6) are shown in the 
Supplementary Materials.
One year after HSCT, 52% of patients with high pre-
HSCT BAALC/ABL1 copy numbers relapsed compared to 
25% of patients with low pre-HSCT BAALC/ABL1 copy 
numbers. Furthermore, 38% of patients with high pre-
HSCT BAALC/ABL1 copy numbers were alive compared 
to 68% of patients with low pre-HSCT BAALC/ABL1 copy 
numbers. Patients with high pre-HSCT BAALC/ABL1 copy 
numbers suffering relapse had a trend for shorter time 
to relapse after HSCT (median 78, range 19-244 days) 
compared to patients with low pre-HSCT BAALC/ABL1 
copy numbers (median 116, range 27-543 days, P=.07). 
Furthermore, for patients without non-relapse mortality 
after 100 days and six months after HSCT, those with 
high pre-HSCT BAALC/ABL1 copy numbers more 
often relapsed compared to patients with low pre-HSCT 
BAALC/ABL1 copy numbers (37% vs. 11%, P=.02 
(Figure 3), and 73% vs. 27%, P=.002, respectively). In 
multivariable analysis, high pre-HSCT BAALC/ABL1 copy 
numbers significantly associated with higher CIR (Hazard 
Ratio [HR] 2.6, Confidence Interval [CI] 1.2-5.7, P=.01) 
after adjustment for disease status at HSCT (P=.003) and 
disease origin (P=.009) and shorter OS (HR 2.1, CI 1.1-
4.1, P=.03, Table 2).
Detailed comparisons between the four groups of 
patients experiencing relapse or remaining in remission 
with high or low pre-HSCT BAALC/ABL1 copy numbers 
are shown in the Supplementary Materials.
DISCUSSION
Assessment of residual disease provides a powerful 
tool to measure treatment responses and to identify 
patients at high risk of relapse [4]. Although we still lack 
data of prospective MRD-guided trials in non-APL (acute 
promyelocyte leukemia) AML, MRD assessment may 
allow preemptive therapy to delay or even prevent relapse 
and improve outcomes [5, 26, 27]. However, about 40% 
of AML patients do not harbor the today commonly used 
molecular MRD targets [3, 4], reflecting a need for new 
MRD markers.
While the prognostic impact of high BAALC 
expression levels at diagnosis has been widely evaluated 
[3, 16–19], only a few studies with limited patient 
numbers evaluated BAALC expression levels during 
disease course using qRT-PCR [11, 15, 20, 21]. For MRD 
evaluation in AML in general, it remains unclear whether 
peripheral blood or bone marrow should be analyzed [7, 
28]. For BAALC, high correlations of expression levels 
in peripheral blood and bone marrow in both newly 
diagnosed AML patients and healthy individuals have 
been shown [15, 16]. While some authors only used 
bone marrow [21], others used BAALC expression levels 
of either blood or bone marrow for survival analysis at 
diagnosis and during disease course [11, 20]. Peripheral 
blood is derived faster, with lower risk of complications 
and a higher convenience for the patient than bone 
marrow aspiration and results in comparable BAALC 
expression data [15, 16]. Therefore, we decided to restrict 
our analysis to peripheral blood samples to examine the 
prognostic impact of absolute pre-HSCT BAALC/ABL1 
copy numbers in patients receiving NMA-HSCT.
None of the aforementioned studies focusing 
on BAALC expression levels during disease course 
reported significant diagnostic clinical or genetic 
associations with different BAALC expression levels 
at a defined point in time in CR. In our study, we also 
did not detect any significant association of high pre-
HSCT BAALC/ABL1 copy numbers with tested pre-
treatment or pre-HSCT parameters. This may indicate 
that the observed higher CIR and subsequent shorter 
OS is indeed driven by residual disease detected by 
high pre-HSCT BAALC/ABL1 copy numbers rather than 




Table 1: Clinical characteristics of 82 AML patients treated with HSCT according to absolute pre-HSCT 
BAALC/ABL1 copy numbers (high vs. low, 0.14 cut)








Pre-HSCT BAALC/ABL1 copy numbers    <.001
 Median 0.03 0.02 0.44  
 Range 0.00-2.58 0.00-0.11 0.14-2.58  
Age at HSCT, years    .79
 Median 63.9 64.9 63.9  
 Range 50.8-76.2 51.5-76.2 50.8-74.9  
Sex, n (%)    .80
 Male 37 27 (44) 10 (48)  
 Female 45 34 (56) 11 (52)  
Hemoglobin at diagnosis, g/dL    .54
 Median 8.7 9.0 8.5  
 Range 4.5-14.4 5.5-14.4 4.5-11.3  
Platelet count at diagnosis, x 109/L    .76
 Median 65 71 63  
 Range 3-224 3-167 13-224  
WBC count at diagnosis, x 109/L    .13
 Median 7.2 4.6 22.4  
 Range 0.7-385 0.8-324 0.7-385  
Blood blasts at diagnosis, %    .48
 Median 22 21 28  
 Range 0-97 0-97 2-97  
BM blasts at diagnosis, %    .87
 Median 50 52 43  
 Range 3-95 3-95 10-95  
Karyotype, n (%)    .45
 Abnormal 41 32 (55) 9 (43)  
 Normal 38 26 (45) 12 (57)  
ELN 2010 Genetic Group, n (%) [36]    .86
 Favorable 17 12 (22) 5 (26)  
 Intermediate-I 19 13 (24) 6 (32)  
 Intermediate-II 19 15 (27) 4 (21)  
 Adverse 19 15 (27) 4 (21)  
Disease origin, n (%)    .60
 De novo 52 40 (66) 12 (57)  





study to propose BAALC as a potential MRD marker 
analyzed 45 patients with de novo acute leukemia, but 
also included six patients with APL and 11 patients with 
lymphoid leukemia in their analysis [15]. The authors 
were able to show a superior disease-free survival in 
patients with lower BAALC/GAPDH expression levels in 
bone marrow after CR achievement. Another small study 
focused on 45 patients harboring core-binding factor 
(CBF) AML that received an allogeneic or autologous 
HSCT and evaluated BAALC/ABL1 expression levels 
in bone marrow at diagnosis, as well as in CR after the 
first induction cycle, pre-HSCT, and at day 60 post-
HSCT. While the authors showed significantly shorter 
OS, event-free survival (EFS) and higher CIR in patients 
with high BAALC/ABL1 expression levels at diagnosis 
and post-HSCT, there was no significant impact on 
outcome after first induction cycle or pre-HSCT [21]. 
In contrast, we observed a strong prognostic impact of 
high pre-HSCT BAALC/ABL1 copy numbers on CIR 
and OS in univariable and multivariable models. These 
differences might be explained by a lower patient number 
(n=45) and/or the restriction to CBF AML in the study 
of Yoon et al. [21]. In 27 CN-AML patients with high 
initial BAALC/ABL1 expression levels, Weber et al. [11] 
observed shorter EFS for individuals with sustained high 
BAALC/ABL1 expression levels in peripheral blood or 
bone marrow after two induction cycles. Later, this data 
was extended to 46 and 33 patients after completion of 
two induction cycles and 3-6 months after completion 
of two induction cycles, respectively [11]. Again, 
patients with high BAALC/ABL1 expression levels 
at either of both time points had shorter EFS. Despite 
this promising data, possible limitations of BAALC as 
MRD marker still have to be determined. While most 
studies showed a prognostic impact without a prior 
assessment of the CD34 expression status [11, 20, 21], 
Najima et al. [15] postulated BAALC as MRD marker 
limited to CD34-positive AML as BAALC is upregulated 
in CD34-positive AML [14]. Restricting our analysis to 
patients with CD34-positive AML, we also observed a 
trend for higher CIR in patients with high pre-HSCT 
BAALC/ABL1 copy numbers despite low patient numbers 
(P=.06, n=31, Supplementary Material). Limited 
numbers of patients with CD34-negative AML prevented 
a separate analysis for this subset. However, we observed 
no difference in CD34-positivity or CD34 expression at 
diagnosis between patients with high or low pre-HSCT 
BAALC/ABL1 copy numbers (Supplementary Table 1). 
Further studies are needed to evaluate whether there are 
specific AML subgroups for which BAALC represents a 
more suitable MRD marker than for others.
To our knowledge until today all studies used qRT-
PCR for BAALC evaluation but different approaches 
to define a cut-off for high or low BAALC expression 
levels during follow-up. Najima et al. [15] used the two-
fold standard deviation over the median of a healthy 
cohort, while Yoon et al. [21] focused on the relative 
BAALC/ABL1 expression of the tested patients and used 
a ROC (receiver operation characteristic) curve to define 
the optimal cut for each point in time individually. The 








NPM1 at diagnosis, n (%)    .76
 Wild-type 51 36 (77) 15 (71)  
 Mutated 17 11 (23) 6 (29)  
FLT3-ITD at diagnosis, n (%)    1
 Absent 54 38 (79) 16 (80)  
 Present 14 10 (21) 4 (20)  
CEBPA at diagnosis, n (%)    .09
 Wild-type 51 34 (83) 17 (100)  
 Mutated 7 7 (17) 0 (0)  
ABL1, Abelson murine leukemia viral oncogene homolog 1 gene; BAALC, brain and acute leukemia, cytoplasmatic gene; 
BM, bone marrow; CEBPA, CCAAT/enhancer-binding protein alpha gene; ELN, European LeukemiaNet classification 
2010; FLT3-ITD, internal tandem duplication of the fms like tyrosine kinase 3 gene; HSCT, hematopoietic stem cell 




latter resembles our approach and – despite different 
methodology - the evaluated cut-off in our cohort was 
also slightly higher than the two-fold standard deviation 
over the median of healthy BAALC/ABL1 copy numbers 
in peripheral blood (0.14 vs. 0.10, respectively). Finally, 
Weber et al. used the median BAALC/ABL1 expression 
at diagnosis of the initial cohort [11] to define high or 
low expression during disease course but restricted their 
analysis to patients with initially high BAALC/ABL1 
expression levels [11, 20]. In our study, for a subset 
of the analyzed patients (n=51) diagnostic material for 
BAALC/ABL1 copy number assessment was available. 
For patients’ characteristic, as well as clinical and 
biological associations linked with high BAALC/ABL1 
copy numbers at diagnosis see the Supplementary 
Material. When we restricted our outcome analyses to 
patients with low or high BAALC/ABL1 copy numbers 
at diagnosis - despite the limited number of patients 
- we observed a trend for higher CIR and shorter OS 
for patients with high pre-HSCT BAALC/ABL1 copy 
numbers in patients irrespective of the diagnostic 
BAALC/ABL1 copy number (Supplementary Figure 
6). In fact five of the patients with low diagnostic 
BAALC/ABL1 copy numbers had high pre-HSCT 
BAALC/ABL1 copy numbers, of which three 
subsequently relapsed (see Supplementary Material for 
details). Thus, despite the limited number of patients, 
our data indicate that pre-HSCT BAALC/ABL1 copy 
Figure 2: Outcome of patients according to pre-HSCT BAALC/ABL1 copy numbers, high vs low, 0. 14 cut, (A) Cumulative Incidence of 
Relapse and (B) Overall Survival for the entire set (n=82) and (C) Cumulative Incidence of relapse and (D) Overall Survival in patients 




number determination can provide valuable clinical 
information also in patients with low diagnostic 
BAALC/ABL1 copy numbers.
Considering the small number of studies focusing on 
BAALC expression as a MRD marker, the optimal cut-off 
needs validation. However, assessment of BCR-ABL1 as 
MRD marker in CML showed us the technical difficulties 
of standard curves and in achieving an inter-laboratory 
comparability to ensure consistent analyses [22]. ddPCR 
has already been shown to provide comparable sensitivity 
to qRT-PCR but seems to have an improved day-to-day 
reproducibility and greater precision [23, 29, Huang et al, 
ASH 2015]. Therefore, ddPCR may represent a promising 
new method for gene expression analyses for MRD 
monitoring in the future.
Our here presented study is the first to demonstrate 
that ddPCR is a feasible method for evaluation 
of absolute BAALC/ABL1 copy numbers prior to 
allogeneic HSCT. We were able to show that patients 
with high pre-HSCT BAALC/ABL1 copy numbers had 
a significant higher CIR and shorter OS (P=.02 and 
P=.03, respectively, Figure 2). Patients with high pre-
HSCT BAALC/ABL1 copy numbers had an over 2.5-fold 
higher risk of relapse and an over 2-fold higher risk of 
death after HSCT compared to patients with low pre-
HSCT BAALC/ABL1 copy numbers (Table 2). Patients 
with high pre-HSCT BAALC/ABL1 copy numbers 
more often suffered relapse within the first 100 days 
after HSCT (37% vs. 11%, P=.02) and the time from 
HSCT to relapse was shorter in patients with high pre-
HSCT BAALC/ABL1 copy numbers by trend (P=.07, 
Figure 3). To our knowledge, no other study reported 
on early relapses detected by high BAALC expression 
levels. We postulate that high pre-HSCT BAALC/ABL1 
copy numbers might indicate a residual disease burden 
in AML patients that subsequently may lead to early 
relapse during follow-up. Noteworthy, for all patients, 
peripheral blood was used in the analyses facilitating 
repetitive MRD assessment. We and others [11, 15, 20, 
21] were able to show that BAALC has the potential to 
allow further risk stratification during disease course and 
subsequently may improve MRD assessment in addition 
to other established MRD markers such as PML-RARA, 
CBFB-MYH11, RUNX1-RUNX1T1 or NPM1 mutations. 
Furthermore, since BAALC is expressed at different 
amounts in all AML patients, it might allow molecular 
MRD detection in patients lacking molecular alterations 
commonly used for MRD assessment.
Restrictions of our study are the retrospective nature 
and the limited patient numbers. Future prospective 
clinical trials are needed to validate the here-established 
cut-off value and the resulting outcome findings in larger 
patient populations.
Even with a variety of possible treatment options 
such as reduction of immunosuppression, donor 
lymphocyte infusions or treatment with hypomethylating 
agents, patients suffering from morphologic relapse 
after HSCT have a very poor prognosis [25, 30, 31]. 
Pre-HSCT BAALC/ABL1 copy number evaluation 
allows early identification of patients at higher risk of 
relapse and subsequently closer monitoring for relapse 
in the post-transplant period. In the future pre-HSCT 
BAALC/ABL1 evaluation might guide preemptive 
treatment to improve the poor prognosis of AML patients 
with a risk for morphologic relapse. Furthermore, 
prospective studies will be required to evaluate whether 
AML patients with high pre-HSCT BAALC/ABL1 copy 
numbers might benefit from additional treatment or 
intensification of the conditioning regimen prior to 
allogeneic HSCT.
Figure 3: Time from HSCT to relapse according to high (median 78, range 19-244 days) or low (median 116, range 





A total of 82 adult AML patients who received 
allogeneic HSCT at the University of Leipzig between 
September 2002 and December 2015 were retrospectively 
included in this analysis. All patients had peripheral blood 
samples up to 14 days prior to HSCT (median 7, range 
0-14 days) for BAALC/ABL1 copy number assessment 
available. White blood count (WBC) was assessed at time 
of blood sampling for analysis. Additionally, for 51 of 
these patients diagnostic peripheral blood or bone marrow 
samples were available for BAALC/ABL1 copy number 
analysis. For details see Supplementary Materials and 
Supplementary Table 3.
All patients received age-dependent cytarabine 
based chemotherapy protocols (under or over 60 years) 
and were consolidated with HSCT in first (60%) or 
second CR (23%) or CRi (17%). For details please see 
Supplementary Materials. Median age at HSCT was 63.9 
(range 50.8-76.2) years. Written informed consent for 
participation in these studies was obtained in accordance 
with the Declaration of Helsinki.
All patients received NMA conditioning with 
fludarabine 30 mg/m2 for three days followed by 2 Gy 
total body irradiation [32, 33] and infusion of granulocyte 
colony stimulating factor (G-CSF)-mobilized peripheral 
blood stem cells on day 0. Reasons for choosing a NMA 
protocol were age over 50 years for patients receiving 
unrelated HSCT (n=71) or age over 55 years for patients 
receiving related HSCT (n=11). Patients’ characteristics 
are shown in Table 1 and Supplementary Table 1. For 
Information regarding prevention and incidence of acute 
and chronic graft-versus-host disease see Supplementary 
Material. Median follow-up after HSCT for patients alive 
was 1.8 years.
Healthy control cohort
In a control cohort of 7 healthy volunteers (median 
age of 62.7, range 39.6-82.0 years), absolute BAALC/ABL1 
copy numbers in peripheral blood were evaluated. Written 
informed consent was obtained for all healthy individuals; 
their characteristics are shown in Supplementary Table 2.
Cytogenetic, moleculargenetic, and flow 
cytometric analyses
At diagnosis, cytogenetic analyses, the presence 
of internal tandem duplication in the FLT3 gene (FLT3-
ITD) as well as mutations in the FLT3 tyrosine kinase 
domain (FLT3-TKD), NPM1 and CEBPA genes were 
determined as previously described [34]. For details 
see Supplementary Material. For patients with material 
available, the CD34 and CD38 expression on mononuclear 
cells in bone marrow at diagnosis was determined as 
previously described [35].
ddPCR assessment of BAALC/ABL1 copy 
numbers
Absolute BAALC copy numbers were assessed 
using a specific ddPCR assay (BioRad, Hercules, 
Table 2: Multivariable outcome analyses of 82 AML patients treated with HSCT
Variable 
Cumulative Incidence of Relapse Overall survival 
HRa (95% CI) P HRa (95% CI) P
pre-HSCT BAALC/ABL1 copy numbers 
(high vs. low, 0.14 cut) 2.6 (1.2-5.7) .012 2.1 (1.1-4.1) .03
Disease origin (de novo vs. secondary) 0.4 (0.2-0.8) .009 - -
Disease status at HSCT (CR vs. CRi) 0.3 (0.1-0.7) .003 - -
ABL1, Abelson murine leukemia viral oncogene homolog 1 gene; BAALC, brain and acute leukemia, cytoplasmatic gene; 
CI, confidence interval; CR, complete remission; CRi, CR with incomplete peripheral recovery; HSCT, hematopoietic cell 
transplantation; HR, hazard ratio.
a HR, hazard ratio, <1 (>1) indicate lower (higher) risk for an event for the first category listed for the dichotomous 
variables.
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considered were hemoglobin count at diagnosis, white blood cell count at diagnosis, pre-HSCT BAALC/ABL1 copy numbers 
(high vs. low) and HLA match (antigen match vs mismatch) while for CIR endpoint, variables considered were disease origin 





California, USA; Assay ID: dHsaCPE5025566) according 
to manufacturer’s specifications. Primers and probe 
sequences for ABL1 copy number assessment (Biomers, 
Ulm, Germany) are shown in the Supplementary Material. 
ddPCR was performed on a QX100 platform (BioRad) 
and QuantaSoft software (Biorad) was used for raw data 
processing. With the droplet generator, each sample was 
divided into approximately 10,000 - 20,000 partitions 
(droplets). After PCR amplification (for details see 
Supplementary Material) the samples were placed into the 
droplet reader, where each droplet was read as positive 
or negative for the gene expression by issuing specific 
fluorescence signals (FAM and HEX). Redistribution 
according to the Poisson’s algorithm determined the target 
copy number in the original sample. Two examples of the 
ddPCR droplet reader output are given in Supplementary 
Figure 1.
BAALC/ABL1 cut-off point definition
Using the R package ‘OptimalCutpoints’ a cut-
off point of 0.1397 absolute pre-HSCT BAALC/ABL1 
copies was determined and used to define patients with 
high (n=21, 26%) and low (n=61, 74%) pre-HSCT 
BAALC/ABL1 copy numbers in peripheral blood. For 
details see Supplementary Materials.
End points and statistical analyses
For definition of clinical endpoints and statistical 
analyses for associations and survival (univariable and 
multivariable) see Supplementary Materials.
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Abstract
High expression of the leukemia-associated genemeningioma-1 (MN1) is frequently found at diagnosis of acutemyeloid leukemia (AML)
and associates with adverse outcomes. The presence of measurable residual disease (MRD) in complete remission (CR) indicates high
risk of relapse and worse outcome in AML patients. However, the prognostic impact ofMN1 expression levels as MRDmarker has not
been evaluated. Digital droplet polymerase chain reaction (ddPCR) is a novel technique allowing sensitive and speci!c absolute gene
expression quanti!cation. We retrospectively analyzed 124 AML patients who received allogeneic hematopoietic stem cell
transplantation (HSCT) in CR or CR with incomplete peripheral recovery. Absolute MN1 copy numbers in peripheral blood were
assessed prior to HSCT (median 7; range 0–29 days) using ddPCR. High pre-HSCT MN1/Abelson murine leukemia viral oncogene
homolog1gene (ABL1) copynumbers associatedwith a higher cumulative incidenceof relapseafterHSCTand—in relapsingpatients—
shorter time to relapse. Inmultivariable analysis, high pre-HSCTMN1/ABL1 copy numbers remained an independent prognosticator for
relapse after HSCT. Patients with the highest pre-HSCT MN1/ABL1 copy numbers also had the highest risk of relapse. MN1 copy
number assessment also added prognostic information to nucleophosmin 1 gene (NPM1) mutation- and brain and acute leukemia,
cytoplasmic (BAALC) andWilm’s tumor gene 1 (WT1) expression-based MRD evaluation. Our study demonstrates the feasibility of the
novel ddPCR technique forMN1/ABL1 copy number assessment as amarker forMRD. Evaluation ofMN1/ABL1 copy numbers allows
the identi!cation of patients at high risk of relapse, independently of other diagnostic risk factors and MRD markers.
Introduction
For optimal and personalized treatment approaches in acute
myeloid leukemia (AML), a reliable risk strati!cation at diagnosis
and during disease course is required.1–3 Evaluation of measur-
able residual disease (MRD) during or after therapymay facilitate
risk-adapted treatment decisions for individual AML patients.2–5
In today’s clinical routine, AML MRD evaluation mostly relies
on multiparameter "ow cytometry (MFC) which is limited due to
complex analyses performed in specialized laboratories6 and
quantitative reverse transcriptase polymerase chain reaction
(qRT-PCR) assays. qRT-PCR is largely restricted to patients
harboring stable and determinable fusion transcripts or speci!c,
recurrent genemutations, for example, mutated nucleophosmin 1
gene (NPM1).2,4,7–9 Next-generation sequencing studies showed
AML to be composed of genetically different clones.1,3,10 Some
subclones may acquire resistance mechanism during disease
course and promote relapse molecularly distinct from the AML at
diagnosis.1,10,11 Thus, the inclusion of gene expression analyses
in an MRD marker panel may improve the sensitivity of MRD
detection in AML patients. Recently, gene expressions of Wilm’s
tumor gene 1 (WT1)12,13 and brain and acute leukemia,
cytoplasmic (BAALC)14–16 were shown to provide informative
MRD data in AML remission.
The gene meningioma-1 (MN1) was found highly expressed in
primitive (CD34-positive) hematopoietic cells and is down-
regulated during cell differentiation.17 Elevated levels were
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described in acute leukemias of myeloid and lymphoid lineage17
and shown to induce proliferation and inhibit myeloid
differentiation.18,19 At diagnosis, high MN1 expression was
linked to shorter overall survival (OS) and shorter disease-free
survival in younger and older AML patients with normal
cytogenetics.17,20,21 The feasibility of MN1 expression levels as
MRDmarker at a de!ned point in CR has not yet been evaluated.
Only one study in 31 AML patients showed that MN1 levels
during disease course parallel disease-speci!c alterations (ie,
NPM1 mutations and fusion transcripts CBFB-MYH11 and
RUNX1-RUNX1T).22 By contrast, low MN1 expression levels
were found in the peripheral blood and bone marrow of healthy
individuals. Thus, high bone marrow or blood MN1 expression
might have potential use for MRD monitoring.22 Although
allogeneic hematopoietic stem cell transplantation (HSCT) has
been indicated as the consolidation therapy offering the highest
chance of sustained CR in AML patients,3,23 detectable MRD
prior to HSCT associates with worse outcomes.8,14,24 This may
be especially true in reduced intensity or nonmyeloablative
(NMA) conditioning regimens, which are increasingly used to
allow HSCT in older or comorbid individuals.25–27 Here,
we evaluated the prognostic impact of MN1/Abelson murine
leukemia viral oncogene homolog 1 gene (ABL1) copy numbers
prior to NMA-HSCT. We adopted the novel digital droplet PCR
(ddPCR) technique that allows absolute copy number quanti!-
cation without the need of standard curves.6,28 The use of
peripheral blood enabled a rapid and easily repeatable approach
forMRDmeasurement with high patient convenience. Our study
is the !rst to evaluate the use of MN1 expression levels as a
prognostic factor in CR in a larger patient cohort.
Results
MN1/ABL1 copy numbers in AML patients and
healthy individuals
In the patient cohort in complete remission (CR) or CR with
incomplete peripheral recovery (CRi; median 7, range 0–29 days)
prior to allogeneic HSCT, median blood MN1/ABL1 copy
numbers were 0.12 (range 0.01–2.04). In the healthy controls, we
observed a median blood MN1/ABL1 copy number of 0.15
(range 0.06–0.26). Overall, AML patients in CR or CRi and the
healthy control did not differ signi!cantly in MN1/ABL1 copy
numbers (P=0.97, Fig. 1) and were evenly matched in sex (P=1)
while the healthy control was younger than the AML patients
prior to HSCT (P=0.01, Supplementary Table S2, Supplemental
Digital Content, http://links.lww.com/HS/A20). For further
analyses, a 0.2992 pre-HSCT MN1/ABL1 copy numbers cutoff
was used to de!ne patients with high (n=39, 31%) or low (n=
85, 69%) pre-HSCT MN1/ABL1 copy numbers in peripheral
blood.
Associations of high pre-HSCT MN1/ABL1 copy
numbers
Patients with high pre-HSCT MN1/ABL1 copy numbers had a
trend for more secondary or treatment-related AML at diagnosis
(P=0.07). At diagnosis, patients with high pre-HSCT MN1/
ABL1 copy numbers also had a trend for a higher CD34+/
CD38! cell burden (P=0.10), a higher white blood count
(P=0.02) and no patient with high pre-HSCT MN1/ABL1 copy
numbers wasCEBPAmutated (P=0.05, Table 1). There were no
associations of the pre-HSCT MN1/ABL1 copy numbers and
other clinical, cytogenetic, molecular, or immunophenotypic
characteristics at diagnosis (Table 1, Supplementary Table S1,
Supplemental Digital Content, http://links.lww.com/HS/A20).
Pre-HSCTMN1/ABL1 copy numbers did also not associate with
any tested pre-HSCT characteristics (Supplementary Table S1,
Supplemental Digital Content, http://links.lww.com/HS/A20).
Prognostic impact of pre-HSCT MN1/ABL1
copy numbers
Considering only patients who relapsed after HSCT, patients
with high pre-HSCT MN1/ABL1 copy numbers had a shorter
time fromHSCT to relapse compared with patients with low pre-
HSCT MN1/ABL1 copy numbers (median 70, range 20–363
days vs median 124, range 19–543 days, P=0.03, Fig. 2).
Patients with high pre-HSCT MN1/ABL1 copy numbers had a
signi!cantly higher cumulative incidence of relapse (CIR, P=
0.002, Fig. 3A) which—despite a separation of the OS curves—
did not translate into a signi!cant shorter OS (P=0.13, Fig. 3B).
By contrast, there was no difference in nonrelapse mortality
(NRM) between patients with high or low pre-HSCT MN1/
ABL1 copy numbers (P=0.28, Supplementary Fig. S1, Supple-
mental Digital Content, http://links.lww.com/HS/A20). Similar
effects on CIR and OS were also observed when we restricted our
Figure 1. Comparison of pre-HSCT MN1/ABL1 copy numbers in AML
patients (n=124) and healthy controls (n=17). ABL1 = Abelson murine
leukemia viral oncogene homolog 1 gene, AML = acute myeloid leukemia,
HSCT = hematopoietic stem cell transplantation,MN1 = meningioma-1 gene.
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analyses to patients with normal karyotype (CIR, P=0.005 and
OS, P=0.21; Supplementary Fig. S2, Supplemental Digital
Content, http://links.lww.com/HS/A20), de novo AML (CIR,
P=0.009 and OS, P=0.006; Supplementary Fig. S3, Supple-
mental Digital Content, http://links.lww.com/HS/A20), exclud-
ing patients receiving HSCT in CRi (CIR, P=0.01 and OS, P=
0.10; Supplementary Fig. S4, Supplemental Digital Content,
http://links.lww.com/HS/A20) and in a landmark analysis of
patients surviving longer than 100 days after HSCT (CIR, P=
0.02 and OS, P=0.11; Supplementary Fig. S5, Supplemental
Digital Content, http://links.lww.com/HS/A20). In multivariable
analysis, high pre-HSCT MN1/ABL1 copy numbers retained
their prognostic impact on CIR after adjustment for European
LeukemiaNet (ELN) 2010 genetic group (Table 2). None of
the tested variables were signi!cantly associated with OS in
multivariable analysis in this set of patients.
CD34 expression at diagnosis and pre-HSCT
MN1/ABL1 copy numbers
Although MN1 was shown to be highly expressed in CD34-
positive bone marrow cells,17 there are no studies reporting on
Table 1






Copy Numbers (n=39) P
Pre-HSCT MN1/ABL1 copy numbers <0.001
Median 0.12 0.06 0.63
Range 0.01–2.04 0.01–0.28 0.30–2.04
Age at HSCT, y 0.80
Median 64.0 63.9 64.2
Range 31.3–76.2 31.3–75.3 32.2–76.2
Sex, n (%) 0.85
Male 61 41 (48) 20 (51)
Female 63 44 (52) 19 (49)
Hemoglobin at diagnosis, g/L 0.22
Median 8.9 9.1 8.2
Range 4.5–14–4 5.5–14.4 4.5–12.2
Platelet count at diagnosis, !109/L 0.66
Median 63 55 65
Range 13–256 14–256 13–224
WBC count at diagnosis, !109/L 0.02
Median 5.6 3.9 27.3
Range 0.7–385 0.8–118 0.7–385
Blood blasts at diagnosis, % 0.36
Median 21 18 28
Range 0–97 0–97 0–97
BM blasts at diagnosis, % 0.95
Median 50 50 35
Range 3–95 3–95 10–95
Karyotype, n (%) 0.54
Abnormal 58 43 (52) 15 (45)
Normal 57 39 (48 18 (55)
ELN 2010 Genetic Group, n (%) 0.92
Favorable 19 13 (18) 6 (22)
Intermediate-I 24 17 (24) 7 (26)
Intermediate-II 25 18 (25) 7 (26)
Adverse 30 23 (32) 7 (26)
Disease origin, n (%) 0.07
Secondary AML 45 26 (31) 19 (49)
De novo AML 79 59 (69) 20 (51)
NPM1 at diagnosis, n (%) 0.44
Wild-type 64 45 (76) 19 (68)
Mutated 23 14 (24) 9 (32)
FLT3-ITD at diagnosis, n (%) 1
Absent 68 47 (78) 21 (78)
Present 19 13 (22) 6 (22)
CEBPA at diagnosis, n (%) 0.05
Wild-type 57 36 (82) 21 (100)
Mutated 8 8 (18) 0 (0)
Remission status at HSCT, n (%) 0.81
CRi 25 18 (21) 7 (18)
CR 99 67 (79) 32 (82)
ABL1= Abelson murine leukemia viral oncogene homolog 1 gene, AML= acute myeloid leukemia, BM = bone marrow, CEBPA = CCAAT/enhancer-binding protein alpha gene, CR = complete remission, ELN =
European LeukemiaNet, FLT3-ITD = internal tandem duplication of the FMS-like tyrosine kinase 3 gene, HSCT = hematopoietic stem cell transplantation, MN1 = meningioma-1 gene, NPM1 = nucleophosmin 1
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MN1 as MRD marker in the context of CD34 expression status.
In our study, data on CD34 status at diagnosis were available for
71 patients, 40 patients had CD34-positive and 31 patients had
CD34-negative AML. Between patients with high or low pre-
HSCT MN1/ABL1 copy numbers, we observed no signi!cant
differences of CD34 expression (P=0.35) or CD34-positive
disease at diagnosis (P=0.80). Despite low patient numbers, a
higher CIRwas observed in patients with higher pre-HSCTMN1/
ABL1 copy numbers when we restricted our analysis to patients
diagnosed with CD34-positive AML (P=0.001, Supplementary
Fig. S6A, Supplemental Digital Content, http://links.lww.com/
HS/A20). By contrast, there were no signi!cant differences in CIR
according to pre-HSCT MN1/ABL1 copy numbers for the 31
patients with CD34-negative AML (P=0.60, Supplementary Fig.
S6B, Supplemental Digital Content, http://links.lww.com/HS/
A20). In 53 patients, information on the CD34 expression status
at diagnosis was not available.
Prognostic impact of the topmost pre-HSCT
MN1/ABL1 copy numbers
To evaluate whether within the group of patients with high pre-
HSCTMN1/ABL1 copynumbers, the amount of pre-HSCTMN1/
ABL1 copy numbers also impacts on outcome, a second optimal
cutoff was applied. Subsequently, the patient cohort was divided
into 3 groups according to pre-HSCT MN1/ABL1 copy numbers
(0.30 and 0.87 cut): patients with low (n=85), higher (n=27), and
the topmost (n=12) pre-HSCT MN1/ABL1 copy numbers.
Applying these cutoffs, a stepwise higher CIR was observed with
increasing pre-HSCT MN1/ABL1 copy numbers (low vs higher,
P=0.15, higher vs topmost,P=0.03,overallP<0.001).However,
despite the separation of these curves, again, no signi!cant impact
on OS was observed (Fig. 3C and D). Characteristics of patients
withhigher and the topmost pre-HSCTMN1/ABL1 copynumbers
are shown in Supplementary Table S3 (Supplemental Digital
Content, http://links.lww.com/HS/A20).
Correlation of pre-HSCT MN1/ABL1 copy numbers
with pre-HSCT BAALC/ABL1 copy number-, WT1
expression-, and NPM1 mutation-based MRD
Recently, our group showed the prognostic utility of pre-HSCT
BAALC/ABL1 copy numbers and of pre-HSCTNPM1 for MRD
assessment in AML patients undergoing allogeneic HSCT.8,14
Correlating MN1/ABL1 and BAALC/ABL1 copy numbers pre-
HSCT, patients with high pre-HSCT MN1/ABL1 copy numbers
also had higher pre-HSCT BAALC/ABL1 copy numbers (P<
0.001). Despite the correlation of pre-HSCT MN1/ABL1 and
BAALC/ABL1 copy numbers (Pearson product moment corre-
lation coef!cient r= .79), 17 patients (14%) only showed high
pre-HSCT expression of 1 of the 2 genes in peripheral blood.
Next, we compared the Bayesian information criterion (BIC) for
univariable models comprising the pre-HSCT MN1/ABL1 and
BAALC/ABL1 copy number information alone or combined
(both high vs one or both low) for their predictive value for CIR.
Here, the model including the copy number information for
both genes combined showed the lowest BIC (Supplementary
Table S4, Supplemental Digital Content, http://links.lww.com/
HS/A20). This indicates that the evaluation of copy numbers of
both genes has higher informative value for MRD assessment
than pre-HSCT MN1/ABL1 and BAALC/ABL1 copy number
information alone. For outcome analyses according to pre-HSCT
BAALC/ABL1 copy numbers and the combination of pre-HSCT
MN1/ABL1 and BAALC/ABL1 copy numbers, see Supplemen-
tary Information and Supplementary Figure S7 (Supplemental
Digital Content, http://links.lww.com/HS/A20).
For 111 of the 124 patients, pre-HSCTWT1/ABL1 expression
levels were available. Pre-HSCT WT1/ABL1 expression and
MN1/ABL1 copy numbers did not correlate well (Pearson
product moment correlation coef!cient r= .22, Supplementary
Fig. S8, Supplemental Digital Content, http://links.lww.com/HS/
A20). However, using the published cutoff of previous work of
our institution by Lange et al,13 patients with high pre-HSCT
MN1/ABL1 copy numbers had signi!cantly higher WT1/ABL1
expression (P<0.001, Supplementary Table S1, Supplemental
Digital Content, http://links.lww.com/HS/A20). While patients
with high pre-HSCT WT1/ABL1 expression had a signi!cantly
higher CIR (Supplementary Fig. S9A, Supplemental Digital
Content, http://links.lww.com/HS/A20), pre-HSCT MN1/ABL1
copy number assessment provided additional prognostic infor-
mation to WT1/ABL1 expression (Supplementary Fig. S9B,
Supplemental Digital Content, http://links.lww.com/HS/A20).
BIC comparison showed that the model with both pre-HSCT
MN1 and WT1 expression provided higher informative value
than the models with either MRD marker alone (Supplementary
Figure 2. Time from HSCT to relapse according to high (median 70, range 20–363) or low (median 124, range 19–543) pre-HSCT MN1/ABL1 copy
numbers, 0.30 cut, in patients suffering relapse after HSCT (n=45). ABL1 = Abelson murine leukemia viral oncogene homolog 1 gene, HSCT =
hematopoietic stem cell transplantation, MN1 = meningioma-1 gene.
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Table 2
Multivariable Analysis for Patients Receiving HSCT (n=124)




Pre-HSCT MN1/ABL1 copy numbers (high vs low, 0.30 cut) 3.79 (1.81–7.96) <0.001
ELN 2010 Genetic Group 1.51 (1.08–2.09) 0.02
Variables considered in the models were those signi!cant at a= 0.20 in univariable analyses. These were EVI1 expression status (positive vs negative), pre-HSCTMN1/ABL1 copy numbers (high vs low, 0.30 cut),
age at HSCT and ELN 2010 Genetic Group.
ABL1= Abelson murine leukemia viral oncogene homolog 1 gene, CI= con!dence interval, ELN= European LeukemiaNet, HSCT= hematopoietic cell transplantation, HR= hazard ratio,MN1=meningioma-1 gene.
!
HR <1 (>1) indicate lower (higher) risk for an event for the !rst category listed for the dichotomous variables.
Figure 3. Outcome according to pre-HSCT MN1/ABL1 copy numbers for the whole cohort (n=124). According to high versus low, 0.30 cut, (A)
cumulative incidence of relapse and (B) overall survival; and according to the topmost versus higher versus low, 0.87 and 0.30 cut, (C) cumulative incidence of
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Table S5, Supplemental Digital Content, http://links.lww.com/
HS/A20).
For 20 of the 23 NPM1-mutated patients, information of pre-
HSCT NPM1 MRD status was available (Supplementary
Table S1, Supplemental Digital Content, http://links.lww.com/
HS/A20). Four of the 5NPM1MRD positive (MRDpos), patients
also had high pre-HSCT MN1/ABL1 copy numbers. Two of
them relapsed, while 2 patients died of NRM within 100 days
after HSCT. One NPM1 MRDpos patient had low pre-HSCT
MN1/ABL1 copy numbers and relapsed. In the 15 mutated
NPM1 MRD negative (MRDneg) patients, 5 had high pre-HSCT
MN1/ABL1 copy numbers. Of those, 2 patients relapsed, 1
patient died of NRMwithin 100 days after HSCT, and 2 patients
are in continued remission. None of the 10NPM1MRD negative
patients with low pre-HSCTMN1/ABL1 copy numbers relapsed.
In the 15 mutated NPM1 MRDneg patients, we observed a clear
separation of CIR (Fig. 4A) and OS (Fig. 4B) curves according to
pre-HSCTMN1/ABL1 copy numbers, indicating higher CIR and
shorter OS for patients with high pre-HSCT MN1/ABL1 copy
numbers. In all 5 relapsing patients with information on MN1/
ABL1 copy number and NPM1 MRD status pre-HSCT
available, relapse could be predicted prior to HSCT by one
(only NPM1 [n=1], only MN1 [n=2]), or both (n=2) markers.
Discussion
Evaluation of MRD during or after AML therapy is of growing
importance as it allows dynamic and personalized risk
strati!cation.2 Thus, MRD assessment in AML patients is
increasingly integrated in clinical trials and daily routine.3,4,29
However, AML relapse might be mediated by clones that gained
additional mutations or subclones genetically distinct to the AML
clone that caused the initial leukemia.1,3,10 Consequently,
evaluation of more than 1 MRD marker might help to improve
risk-adapted treatment.
The transcription factor MN1 was !rst described in the rare
t(12;22)(p13;q11) AML as fusion partner of TEL resulting in a
fusion protein with oncogenic potential.30MN1 is overexpressed
in AML with inv(16)(p13q22),18,22,31 high EVI1 expression,31
and some cases with normal karyotype.17,22 In the latter, a strong
association of high MN1 expression at diagnosis with adverse
outcomes in younger and older AML patients was de-
scribed.17,20,21 By contrast, low MN1 expression levels were
found in the bone marrow and peripheral blood of healthy
individuals.22 Assessing MN1 expression as a potential MRD
marker, Carturan et al22 demonstrated MN1 expression to be
parallel to simultaneously evaluated fusion gene transcript levels.
However, the feasibility of MN1 copy number measurement for
MRD assessment in morphologic CR in a larger AML patient
cohort has not been evaluated. In this study, we retrospectively
analyzed peripheral blood of AML patients in hematologic CR
prior to allogeneic HSCT for consolidation therapy. Using
ddPCR, absolute MN1/ABL1 copy numbers were assessed in all
patients and a healthy control cohort. The determined optimal
cutoff to differentiate between patients with high or low pre-
HSCTMN1/ABL1 copy numbers was also higher than the 2-fold
standard deviation over the median of the healthy control cohort,
allowing a reliable distinction to a physiologicalMN1 expression
background. While we observed no differences in pre-HSCT
clinical characteristics such as numbers of chemotherapy cycles or
remission status (Table 1, Supplementary Table S1, Supplemental
Digital Content, http://links.lww.com/HS/A20), which matches
the literature on other MRD markers,8,14 patients with high pre-
HSCT MN1/ABL1 copy numbers had a signi!cantly higher risk
of relapse compared with patients with low pre-HSCT MN1/
ABL1 copy numbers (P=0.002, Fig. 3A). Despite a separation
of the OS curves, OS was not signi!cantly different according to
pre-HSCT MN1/ABL1 copy number status, likely due to the
restricted patient number in our study.
In multivariable analysis, the impact of high pre-HSCT MN1/
ABL1 copy numbers on relapse was shown to be independent
from other known risk factors in AML (Table 2). We also
observed that the time from HSCT to relapse was signi!cantly
shorter in relapsing patients with high pre-HSCT MN1/ABL1
copy numbers than in patients with low pre-HSCT MN1/ABL1
copy numbers (P=0.03, Fig. 2). In the group of patients with high
pre-HSCT MN1/ABL1 copy numbers (n=39), we evaluated if
increasing MN1/ABL1 copy numbers also associated with a
higher relapse risk. Patients with the topmost pre-HSCT MN1/
ABL1 copy numbers (>0.87) also had the highest risk of
Figure 4. Outcome according to pre-HSCT MN1/ABL1 copy numbers, high versus low, 0.30 cut, in mutated NPM1 MRDneg patients (n=15). (A)
Cumulative incidence of relapse and (B) overall survival. ABL1=Abelson murine leukemia viral oncogene homolog 1 gene, HSCT=hematopoietic stem cell
transplantation, MN1=meningioma-1 gene, MRD=measurable residual disease, NPM1=nucleophosmin 1 gene.
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suffering relapse after HSCT (P<0.001, Fig. 3C): 1 year after
HSCT, in patients with the topmost pre-HSCTMN1/ABL1 copy
numbers CIR was 71% compared with 41% in patients with
higher (0.30–0.87) and only 27% in patients with low (<0.30)
pre-HSCT MN1/ABL1 copy numbers. Again, despite no
signi!cant differences in OS, a separation of the OS curves
was observed according to pre-HSCTMN1/ABL1 copy numbers
using both cutoffs (Fig. 3D). We conclude that not only a “higher
than normal”MN1 copy number correlates with a higher relapse
risk but that the absolute amount of MN1/ABL1 copy numbers
may also provide additional prognostic information. A correla-
tion of higher MRD levels with higher relapse risk has also
recently been described for MFC MRD assessment.32
Carturan et al22 suggested MN1 as a possible MRD marker
with particular bene!t in 45% of AML cases lacking other
suitable genetic MRD markers. It remains to be investigated for
which subset of AML patients MN1 copy number analysis for
MRD detection will be most informative. In our study, subgroup
analyses of patients with normal karyotype (Supplementary Fig.
S2, Supplemental Digital Content, http://links.lww.com/HS/A20)
or de novo disease (Supplementary Fig. S3, Supplemental Digital
Content, http://links.lww.com/HS/A20) showed resembling im-
pact on outcome as in the whole cohort. In previous reports, high
MN1 expression at diagnosis was linked to immature AML
subtypes with higher CD34 expression.17,33 Thus, we investigat-
ed the possibility to predict relapse within the patient cohorts
with CD34-positive AML (n=40) and CD34-negative AML (n=
31) at diagnosis. Here, we observed a strong impact of high pre-
HSCTMN1/ABL1 copy numbers on CIR in patients with CD34-
positive AML (P=0.001, Supplementary Fig. 6A) while no
impact was observed in patients with CD34-negative AML (P=
0.60, Supplementary Fig. 6B). This suggests that evaluation of
pre-HSCTMN1/ABL1 copy numbers might be of higher value in
patients with an immature CD34-positive AML phenotype.
However, these subanalyses were restricted by limited patient
numbers. Furthermore, NPM1-mutated AML was enriched in
the CD34-negative cohort (53% of patients), which might
explain low relapse rates and the missing prognostic impact of
pre-HSCT MN1/ABL1 copy numbers in these patients. Larger
trials should evaluate for which subgroups of patients MN1
assessment in CR is of the highest prognostic signi!cance.
As eachMRD assay (PCR vsMFC) and marker (fusion gene vs
gene mutation vs gene expression) has distinct advantages and
disadvantages, combining more than 1 marker for MRD
assessment will presumably improve risk strati!cation.7,34,35
Thus, we also evaluated MN1 MRD results in the context of 3
other MRDmarkers available for our patient set. Previously, our
institution and others were able to show that BAALC and WT1
may function as markers for residual disease in patients after
chemotherapy as well as prior to HSCT.12–16 As expected, in the
here presented cohort, high pre-HSCT BAALC/ABL1 copy
numbers also associated with a higher CIR (P=0.007) and a
trend for shorter OS (P=0.08, Supplementary Information).
When we combined the information of pre-HSCT BAALC/ABL1
and MN1/ABL1 copy numbers (both high vs one or both low,
Supplementary Fig. S7C and D, Supplemental Digital Content,
http://links.lww.com/HS/A20), our data suggested that evalua-
tion of both genes might be more informative with respect to the
risk of relapse after HSCT. Similarly, a high pre-HSCT WT1/
ABL1 expression associated with higher CIR (Supplementary
Fig. S9A, Supplemental Digital Content, http://links.lww.com/
HS/A20). Combining MRD information of WT1 and MN1 also
provided additional prognostic information: patients with high
expression of either of bothmarkers had higher CIR than patients
with low expression of both markers but lower CIR than patients
with high expression of both markers (overall P<0.001,
Supplementary Fig. S9B, Supplemental Digital Content, http://
links.lww.com/HS/A20). One of the most established MRD
markers in AML is NPM1 mutations, which are present in
approximately 35% of AML patients at diagnosis.4,8,9,36 In our
cohort, information on pre-HSCT NPM1 MRD status was
available for 20 NPM1-mutated patients. In the 15 mutated
NPM1 MRDneg patients pre-HSCT, we observed a clear
separation of the CIR and OS curves (Fig. 4) according to pre-
HSCT MN1/ABL1 copy numbers. Two of the !ve relapsing
patients were mutated NPM1 MRDneg prior to HSCT but had
high pre-HSCT MN1/ABL1 copy numbers. These patients may
have relapsed with an NPM1-negative clone. Unfortunately no
patient material for further analyses was available for these
patients. MN1 is known to highly correlate with CD34-
positive17,29 and NPM1 wild-type AML.17,20,21 By contrast,
NPM1 mutations associate with CD34-negative leukemia.36
Thus, MN1 MRD assessment might complement NPM1
mutation-based MRD assessment.
In AML, MRD assessment prior to consolidating allogeneic
HSCT is increasingly performed.14,29,32,37 However, in patients
with persistingMRD, the question remains as to which treatment
approach—for example, additional chemotherapy prior to
HSCT, intensi!cation of conditioning regimens or prophylactic
donor lymphocyte infusions—would be feasible to improve
outcomes and will have to be subject of future prospective clinical
trials. These are also needed to evaluate whether patients with
high pre-HSCT MN1/ABL1 copy numbers bene!t from an
allogeneic NMA-HSCT or will have to be lead to alternative
treatment options.
Limitations of our study are the retrospective nature and
limited patient numbers in the evaluated subgroups. Thus,
prospective trials should validate the prognostic use of MN1
expression as novel and promising MRD marker.
In conclusion, our study is the !rst to show that assessment of
MN1/ABL1 copy numbers is feasible for MRD evaluation in
AML patients. Patients with high pre-HSCT MN1/ABL1 copy
numbers had a signi!cantly higher CIR and shorter time to
relapse, independent of other known genetic and molecular
factors at diagnosis or HSCT-related parameters. Patients with
the topmost MN1/ABL1 copy numbers had the highest relapse
incidence after HSCT, probably due to a higher residual disease
burden in these patients. Our data also indicate that MN1 copy
number assessment may have the potential to improve BAALC-,
WT1-, and NPM1-based MRD assessment.
Materials and methods
Patients and treatment
We retrospectively analyzed 124 adult AML patients who
received allogeneic HSCT at the University of Leipzig between
September 2002 and December 2015. Median age at HSCT was
64.0 (range 31.3–76.2) years. For all patients, peripheral blood
samples at a median of 7 (range 0–29) days prior to HSCT were
available. Prior to HSCT, patients received age-dependent
chemotherapy protocols (under or over 60 years), further details
are given in the Supplementary Information. All patients were
consolidated with HSCT in !rst (53%) or second CR (27%) or
CRi (20%). All patients receivedNMA conditioning consisting of
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prior to HSCT25,38 followed by infusion of granulocyte colony
stimulating factor-mobilized peripheral blood stem cells. Reasons
for applying NMA conditioning as opposed to myeloablative
conditioning were age over 50 years for patients receiving
unrelated HSCT (n=104), age over 55 years for patients
receiving related HSCT (n=18), previous autologous HSCT
(n=1), or active infection at HSCT (n=1). Further patients’
characteristics are provided in Table 1 and Supplementary
Table S1, Supplemental Digital Content, http://links.lww.com/
HS/A20. Written informed consent for participation in these
studies was obtained in accordance with the Declaration of
Helsinki. Median follow-up for patients alive was 1.8 years.
Healthy control cohort
Additionally, peripheral blood of a control cohort of 17 healthy
volunteers was evaluated for absolute MN1/ABL1 copy
numbers. The healthy individuals had a median age of 53.6
(range 32.5–82.0) years; their characteristics are shown in
Supplementary Table S2, Supplemental Digital Content, http://
links.lww.com/HS/A20. Written informed consent was obtained
for all healthy individuals.
ddPCR assessment of MN1/ABL1 copy numbers
Mononuclear cells were isolated from peripheral blood. RNA
was extracted from 1!107 cells and processed to complementary
DNA as previously described.35 Absolute MN1 copy numbers
were assessed using a probe-based ddPCR assay (BioRad,
Hercules, CA; Assay ID: dHsaCPE5040386) according to
manufacturer’s speci!cations. Absolute ABL1 copy numbers
were assessed as previously described.14 ddPCR was performed
on a QX100 platform (BioRad), and QuantaSoft software
(BioRad) was used for raw data processing. With the droplet
generator, each sample was divided into approximately 10,000 to
20,000 partitions (droplets). After PCR ampli!cation the samples
were placed into the droplet reader, where each droplet was read
as positive or negative for the gene expression by issuing speci!c
"uorescence signals (FAM and HEX). Redistribution according
to the Poisson algorithm determined the absolute target copy
number in the original sample.
MN1/ABL1 cutoff de!nition
Using the R package “OptimalCutpoints”39 the optimal cutoff of
0.2992 absolute pre-HSCTMN1/ABL1 copies (high vs low) was
determined to differentiate according to their relapse probability.
To evaluate whether MN1/ABL1 quanti!cation in patients with
very high pre-HSCT MN1/ABL1 copy number allowed the
identi!cation of a very high-risk group, a second optimal cutoff of
0.8693 absolute MN1/ABL1 copy number was assessed in these
patients and discriminated a cohort with higher (n=27, 69% of
patients with high pre-HSCT MN1/ABL1 copy numbers) or the
topmost pre-HSCT MN1/ABL1 copy numbers (n=12, 31% of
patients with high pre-HSCT MN1/ABL1 copy numbers).
Flow cytometry, cytogenetics, and molecular
markers
In patients with pretreatment bone marrow material available,
cytogenetic analyses were performed centrally in our institution
using standard banding techniques. In cases were no metaphases
could be obtained, "uorescence in situ hybridization was used to
screen for recurrent abnormalities (ie, del5/5q, del7/7q, trisomy
8, abn11q23, t(8;21), inv(16), and t(15;17) [n=5]). At diagnosis,
the presence of internal tandem duplication in the FLT3 gene
(FLT3-ITD), mutations in the FLT3 tyrosine kinase domain
(FLT3-TKD) and in the NPM1 and CEBPA genes were
determined as previously described.40 Patients were grouped
according to the ELN 2010 classi!cation in 4 risk groups.41 For
71 patients with material available, the bone marrow CD34 and
CD38 expression on mononuclear cells at diagnosis was
determined as previously described.42 Patients were considered
CD34-positive when more than 20% of blasts at diagnosis
reacted with the CD34 antibody.43
Analysis of other MRD markers
For all patients, pre-HSCT BAALC/ABL1 copy numbers were
evaluated by ddPCR as previously described.14 In 111 patients,
WT1/ABL1 expression levels prior to HSCT were evaluated
using quantitative PCR as previously described.13 For 20 patients
with NPM1-mutated AML, pre-HSCT NPM1 MRD status was
evaluated by ddPCR as previously described.8 The applicability
of all 3 markers for MRD evaluation has been previously
published by our institution.8,13,14
De!nition of clinical endpoints and statistical
analyses
All statistical analyses were performed using the R statistical
software platform (version 3.4.3). CIR was calculated from
HSCT tomorphologic relapse andOSwas calculated fromHSCT
to death from any cause. Associations of the pre-HSCT MN1/
ABL1 copy numbers with baseline clinical, demographic, and
molecular features were compared using the Kruskal-Wallis test
and Fisher exact test for continuous and categorical variables,
respectively. For OS, survival estimates were calculated using the
Kaplan-Meier method and groups were compared with the log-
rank test. CIR was calculated considering the competing risk
NRM using the Fine and Gray model.
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4. The use of allogeneic HSCT impacts the relevance of genetic prognosticators at AML 
diagnosis  
4.1 Background  
A variety of genetic alterations at diagnosis has been described to allow risk stratification and influence 
informed treatment decisions in AML patients.4 NPM1 mutations as well as internal tandem 
duplications of the FLT3 gene belong to the currently most important risk factors at diagnosis.88–91 In 
general, patients harboring the prognostically favorable molecular combination NPM1 mutated/FLT3-
ITD negative are recommended to receive chemotherapy consolidation instead of allogeneic HSCT in 
first complete remission.92 However, this recommendation was mainly based on the excellent 
outcomes of younger individuals receiving chemotherapy while the optimal consolidation therapy for 
older patients – who often display a higher relapse risk – remains under debate.93  
Besides the observed prognostic importance of gene mutations,9,92 also gene expression levels have 
been shown to impact outcomes in AML patients. Among those are the AML associated genes BAALC 
and MN1 which are physiologically expressed at high levels in myeloid progenitor cells and 
downregulated during maturation while in AML, they promote leukemogenesis through blocked 
myeloid differentiation.94,95 A high expression of both genes has been linked to adverse outcomes in 
younger and older AML patients.94,96–99 However, the majority of these studies focused on patients 
consolidated with standard cytarabine-based chemotherapies or autologous HSCT in which either 
none or only a small number of the analyzed individuals received allogeneic HSCT for consolidation. 
Thus, the prognostic significance of BAALC and MN1 expression levels at diagnosis in this patient 
cohort remained to be elucidated.  
 
4.2 Own contribution 
Objectives 
o To analyse outcomes of older NPM1 mutated/ FLT3-ITD negative AML patients receiving an 
allogeneic HSCT in first complete remission. 
o To evaluate the prognostic significance of high BAALC and MN1 expression levels at diagnosis 
in AML patients consolidated by an allogeneic HSCT. 
 
Manuscripts included in this paragraph 
Jentzsch M, Grimm J, Bill M, Goldmann K, Schulz J, Niederwieser D, Platzbecker U, Schwind S.  
Outcomes of older patients with NPM1 mutated and FLT3-ITD negative acute myeloid 
leukemia receiving allogeneic transplantation. HemaSphere 2020. 3; 4: e326. 
 
Jentzsch M, Bill M, Grimm J, Brauer D, Backhaus D, Goldmann K, Schulz J, Niederwieser D, 
Platzbecker U, Schwind S.  
 60 
Allogeneic stem cell transplantation mitigates the adverse prognostic impact of high diagnostic 
BAALC and MN1 expression in AML. Ann Hematol 2020. 99: 2417-2427. 
 
Summary  
The first manuscript reports a cohort of older NPM1 mutated/FLT3-ITD negative AML patients 
receiving an allogeneic HSCT as consolidation therapy in first complete remission. Comparing 
outcomes to historical patient cohorts receiving chemotherapy alone, it is shown that allogeneic HSCT 
seems to result in more favorable treatment outcomes in this patient population – despite a 
recommendation against allogeneic HSCT in first complete remission. This data indicates that a 
randomized clinical trial should be conducted to determine the optimal consolidation option in these 
patients.100 
In the second manuscript included in this paragraph the prognostic impact of BAALC and MN1 
expression levels at diagnosis in a large cohort of AML patients consolidated with an allogeneic HSCT 
is analyzed. As outcomes did not differ between patients with high or low BAALC or MN1 expressions, 
this data indicates that their adverse prognostic impact might be mitigated with this consolidation 
option. If confirmed in prospective clinical trials, this information may contribute to a decision towards 
allogeneic HSCT in patients with high BAALC and/or MN1 expression at diagnosis.101 In contrast, the 
BAALC and MN1 expression levels in remission prior to an allogeneic HSCT remained their previously 
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Outcomes of Older Patients with NPM1 Mutated
and FLT3-ITD Negative Acute Myeloid Leukemia
Receiving Allogeneic Transplantation
Madlen Jentzsch, Juliane Grimm, Marius Bill, Karoline Goldmann, Julia Schulz, Dietger Niederwieser,
Uwe Platzbecker, Sebastian Schwind
Correspondence: Sebastian Schwind (e-mail: Sebastian.Schwind@medizin.uni-leipzig.de).
At diagnosis most acute myeloid leukemia (AML)patients are older (>60 years) and outcomes in thisgroup are generally inferior compared to youngerpatients. Mutations in the nucleophosmin 1 (NPM1)
gene are common and associate with a more favorable prognosis
in younger and older AML patients.1 The European Leukemia-
Net (ELN) classi!es AML patients with NPM1 mutations and
absence of FLT3-ITD (NPM1mut/FLT3-ITDneg) into the favor-
able genetic risk group.2 Due to the favorable prognosis an
allogeneic hematopoietic stem cell transplantation (HSCT) in !rst
complete remission (CR) is generally not recommended in these
patients.3 However, in younger NPM1-mutated AML patients
there is growing evidence that, depending on donor availability,
HSCT in CR1may be superior to consolidating chemotherapy or
autologous HSCT.4,5 In older NPM1mut/FLT3-ITDneg AML
patients the best consolidation treatment is still under debate.
We identi!ed 157 AML patients 60 years or older who were
not eligible for myeloablative HSCT or an autologous transplan-
tation and who received NMA-HSCT in CR1 between 1998 and
2018 at our center. Thirty-one patients harbored a NPM1
mutation and 19 were NPM1mut/FLT3-ITDneg (Table 1). The
median age at HSCT in these 19 patients was 67 (range 61–76)
years. Twelve patients had de novo AML, while !ve patients had
AML secondary to a myeloid neoplasm (4 patients after
myelodysplastic syndrome, and 1 patient after chronic myelo-
monocytic leukemia), 2 patients had treatment-related AML (1
patient after chronic lymphocytic leukemia, and 1 patient after
breast cancer). Seventeen patients had a normal karyotype, one
had a trisomy 8 and trisomy 21, one karyotype was unknown.
For nine patients next-generation targeted amplicon sequencing
was performed at diagnosis. Additional mutations were detected
in all but 1 patient (2 mutations in 2 patients, three mutations in 3
patients, and 4, 5, and 6 mutations in 1 patient each). The most
commonly detected additional mutations were in DNMT3A
(detected in 6 patients), NRAS (detected in 2 patients) and
BCOR, IDH1, IDH2, PTPN11, SRSF2, and TET2 (detected in 2
patients each). NPM1-mutation based measurable residual
disease (MRD) was available in 14 patients, 11 patients were
NPM1 MRDneg and three patients were NPM1 MRDpos at
HSCT.
Donors were human leukocyte antigen matched related (n=4),
matched unrelated (n=10) or had at least one antigen mismatch
(n=5). All patients received peripheral bloodNMA-HSCTwith 3
! 30mg/m2 "udarabine and 2 Gy total body irradiation.6
Immunosuppression was cyclosporine A and mycophenolat
mofetil (2 and 3g per day after related or unrelated HSCT,
respectively). Median follow up after HSCT was 5.2 (range 1.5–
12.5) years.
Prior to HSCT, all but 1 patient (who received 2 cycles of
azacitidine) received intensive induction chemotherapy before
HSCT. One patient suffered graft rejection 37 days after HSCT
and received a second HSCT. At 2 years patients in this NMA-
HSCT treated cohort of older NPM1mut/FLT3-ITDneg AML
had a relapse rate of 11% (95% Con!dence Interval (CI) 2%–
29%) and an OS of 68% (CI 50%–93%, Fig. 1). The 2-year
NRM was 21% (CI 6%–42%). However, at 5 years NRM rose
to 43% (CI 18%–67%) and OS dropped to 46% (CI 27%–
80%), while the relapse rate remained at 11%. The 2 patients
suffering relapse after HSCT had detectable NPM1-mutation
based MRD prior to HSCT. Grade II-IV GvHD and III-IV acute
GvHD occurred in 33% and 13%, respectively. Extensive
chronic GvHD was observed in 57%. Causes of deaths were
relapse (n=2), GvHD (n=3), infection (n=3) and one fatal
ventricular arrhythmia (for detailed patient information see
Supplemental Table S1, Supplemental Digital Content, http://
links.lww.com/HS/A57).
Even with the low number of patients, our results also
demonstrate that the long-term consequences of HSCT,
including GvHD and prolonged immunosuppression and the
impact on OS - especially in older AML patients - should not be
underestimated.
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In a recent report, Aldoss et al published a retrospective
analysis of 17 older (>60 years) NPM1mut/FLT3-ITDneg AML
patients who underwent HSCT in CR1.7 The median age in this
study was 66 (range 61–73) years with the majority of patients
harboring a normal karyotype. All but 1 patient, who received
azacitidine alone, were treated with intensive induction chemo-
therapy followed by HSCT. Patients received reduced-intensity
conditioning (RIC) with !udarabine and melphalan; 1 patient
underwent non-myeloablative conditioning (NMA) with !udar-
abin, cyclophosphamid and total-body irradiation. Outcome
results of this analysis were very favorable with a 2-year overall
survival (OS) and disease free survival (DFS) of 88% and 81%,
respectively, a 2-year non-relapse mortality (NRM) of 12% and a
2-year relapse rate of 7%. Acute grade II-IV graft-vs-host disease
(GvHD) and III-IV acute GvHD occurred in 27% and 13%,
respectively.
Considering results from historical non-transplant reports for
this age group (!608,9 or !6510 years) HSCT-based consolida-
tion demonstrated improved outcomes.7–10 A possible biological
background for these "ndings may be the presence of an
allogeneic immune response mediated by CD4+ and CD8+ donor
T lymphocytes against the mutated region of NPM1.11,12 These
results may challenge the general perception of chemotherapy
consolidation as an adequate approach in older favorable-risk
AML and also affects the question about the best time-point of
HSCT in these patients.
The patients included in our analysis had similar characteristics
as the patients analyzed by Aldoss et al (Supplemental Table 1,
Supplemental Digital Content, http://links.lww.com/HS/A57).7
However, the main differences between the 2 studies are in the
conditioning regimen applied (RIC vs NMA) and the GvHD
prophylaxis. Limitations of our analysis are particularly the
number of included patients and a potential selection bias
towards HSCT.
Even though the outcomes observed in our NMA-HSCT
treated group of olderNPM1mut/FLT3-ITDneg AML patients are
not as favorable as the group of patients analyzed by Aldoss et al
treatment results still compare favorably to the outcomes
observed in historical non-transplant patients consolidated with
chemotherapy alone.7-10
Both studies demonstrated low relapse rates and a more
favorable outcome of older NPM1mut/FLT3-ITDneg AML
patients consolidated with HSCT, challenging the paradigm
of a chemotherapy-based consolidation being suf"cient in this








De novo 12 (63)
Secondary 5 (26)
Prior MDS 4 (21)
Prior CMML 1 (6)
Therapy related 2 (11)
Prior CLL 1 (6)
Prior breast cancer 1 (6)
WBC at diagnosis, Gpt/l
Median (range) 16.4 (1.2–324)
Platelets at diagnosis, Gpt/l
Median (range) 92 (15–276)
Hemoglobin at diagnosis, g/dl
Median (range) 8.9 (6.2–13.4)
BM blasts at diagnosis, %
Median (range) 48 (20–95)
Blood blasts at diagnosis, %
Median (range) 30 (2–92)
Cytogenetics, n (%)
Normal Karyotype 17 (89)
Abnormal Karyotype 1 (6)
Unknown 1 (6)
CEBPA mutation status, n (%)
Wild type 19 (100)
Mutated 0 (0)
FLT3-TKD mutation status, n (%)
Wild type 18 (95)
Mutated 1 (5)






Age at HSCT, years




Donor sex, n (%)
Female into male 4 (21)
All others 15 (79)
Donor match, n (%)
Matched related 4 (21)
Matched unrelated 10 (53)
HLA antigen mismatched 5 (26)
Donor type, n (%)
Related 4 (21)
Unrelated 15 (79)






















BM=bone marrow, CLL= chronic lymphocytic leukemia, CMML= chronic myelomonocytic leukemia,
CMV=cytomegalie virus, FAB= French American British, GvHD=Graft-versus-Host Disease, Hb=
hemoglobin, HLA=human leukocyte antigen, HSCT=hematopoietic stem cell transplantation,
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analyses into the clinical practice may further re!ne the patient
subpopulation that bene!t from HSCT and emerging new
therapies – for example, the combination of venetoclax and
hypomethylating agents - may modulate the prognosis in this
patient group. However, a randomized multi-center clinical
trial – with adequate follow-up - would be desirable to identify
those patients who bene!t from an early HSCT in this group.
Furthermore, the question of the best conditioning regimen for
these patients (eg, NMA vs RIC) and whether a modi!cation of
conditioning regimens and/or GvHD prophylaxis might
improve outcomes remains to be answered and should be
addressed.
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Abstract
For most acute myeloid leukemia (AML) patients, an allogeneic hematopoietic stem cell transplantation (HSCT) offers the
highest chance of sustained remissions and long-term survival. At diagnosis, high expression of the AML-associated genes
BAALC (brain and acute leukemia, cytoplasmic) and MN1 (meningioma-1) were repeatedly linked to inferior outcomes in
patients consolidated with chemotherapy while data for patients receiving HSCT remain limited. Using clinically applicable
digital droplet PCR assays, we analyzed the diagnostic BAALC/ABL1 andMN1/ABL1 copy numbers in 302 AML patients. High
BAALC/ABL1 andMN1/ABL1 copy numbers associated with common adverse prognostic factors at diagnosis. However, while
high diagnostic copy numbers of both genes associated with shorter event free survival (EFS) and overall survival (OS) in
patients receiving chemotherapy, there was no prognostic impact in patients undergoing HSCT. Our data suggests that the
adverse prognostic impact of high BAALC and MN1 expression are mitigated by allogeneic HSCT. But preHSCT BAALC/
ABL1 and MN1/ABL1 assessed in remission prior to HSCT remained prognosticators for EFS and OS independent of the
diagnostic expression status. Whether allogeneic HSCT may improve survival for AML patients with high diagnostic BAALC
or MN1 expression should be investigated prospectively and may improve informed decisions towards individualized consoli-
dation options in AML.
Keywords Acute myeloid leukemia . BAALC .MN1 . Allogeneic stem cell transplantation
Introduction
Acute myeloid leukemia (AML) is a highly heterogeneous
disease for which reliable risk stratifications are needed to
individualize treatment strategies [1]. Today, potential consol-
idation therapies for AML patients in remission after success-
ful induction therapy include intensive chemotherapy cycles
alone or an allogeneic hematopoietic stem cell transplantation
(HSCT). Through immunological graft-versus-leukemia
(GvL) effects, where the donor’s immunocompetent cells are
believed to eradicate residual disease [2, 3], allogeneic HSCT
remains the treatment option with the highest chance of
sustained remissions in most AML patients, albeit the associ-
ated morbidity and mortality [1].
The AML-associated genes BAALC (brain and acute leu-
kemia, cytoplasmatic) and MN1 (meningioma-1) have been
shown to be physiologically expressed at high levels in mye-
loid progenitor cells and downregulated during maturation
and to promote leukemogenesis through blockage of myeloid
differentiation [4–6]. While BAALC maps to chromosome
band 8q22.3 and was initially identified in AML patients har-
boring a trisomy 8 [7], MN1 is located on chromosome
22q12.3 and a transcription coactivator firstly described in
meningioma pathogenesis [8]. High expression levels of both
genes at AML diagnosis have repeatedly been associated with
adverse outcomes in both younger [4, 9] and older AML pa-
tients [10, 11], especially in the context of a normal karyotype
[12–14]. Furthermore, the expression levels of both genes
have been identified as feasible markers for residual disease
in AML patients in complete remission (CR) independent of
the applied consolidation therapy [15–19].
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However, the majority of the studies investigating the prog-
nostic impact of diagnostic BAALC and MN1 expression
levels focused on patients consolidated with standard
cytarabine-based chemotherapies or autologous HSCT in
which either none or only a small number of the analyzed
individuals received allogeneic HSCT for consolidation.
Only one recently published manuscript analyzed the data of
71 AML patients from The Cancer Genome Atlas (TCGA)
and suggested no prognostic impact of BAALC expression
levels at diagnosis in patients receiving allogeneic HSCT
[20]. This study was restricted by patient numbers and limited
information on the applied treatments (e.g., intensity of con-
ditioning regimens). Here, we analyzed the prognostic signif-
icance of the differential diagnostic BAALC andMN1 expres-
sion levels in a well-defined cohort of AML patients whowere
either treated with chemotherapy alone or received an alloge-
neic HSCT as consolidation therapy at our institution. For
better reproducibility, and to develop a feasible clinical rou-
tine assay, we adopted a digital droplet PCR (ddPCR) tech-




We analyzed the diagnostic bone marrow material of 302
AML patients who were treated at the University of Leipzig
between November 2000 and October 2018 for their BAALC/
ABL1 andMN1/ABL1 copy numbers. Median age at diagnosis
was 62.2 years (range 14.5–87.8 years). All nonAPL karyo-
types were included in the analysis. Written informed consent
was obtained from all patients in accordance with the
Declaration of Helsinki. For all 302 patients, associations of
diagnostic BAALC/ABL1 and MN1/ABL1 copy numbers with
baseline clinical and genetic factors were assessed (“associa-
tion set”). Of the 207 patients who received an allogeneic
HSCT for consolidation therapy, 186 patients were
transplanted in CR or CRwith incomplete peripheral recovery
(CRi) and were eligible for outcome analyses. Of the 95 pa-
tients who were treated with chemotherapy alone, 77 patients
received at least one cycle of intensive chemotherapy and
survived 28 days after diagnosis and were also included in
the outcome analyses. Thus, outcome was evaluated for 263
AML patients (“outcome set”). For details, please see the flow
chart in Supplementary Fig. S1.
All patients in the outcome set received age-dependent
standard cytarabine–based chemotherapy protocols (please
see Supplementary Information for details). Conditioning reg-
imens in the 186 patients receiving allogeneic HSCT were
either myeloablative (n = 47, using 2 ! 60 mg/kg body weight
cyclophosphamide and 12 Gray [Gy] total body irradiation) or
nonmyeloablative (n = 139, using 3 ! 30 mg/m2 fludarabine
and 2 Gy total body irradiation). Median time from diagnosis
to allogeneic HSCT was 139 days. Reasons for the chosen
consolidation therapy as well as conditioning regime in case
of allogeneic HSCT are given in the Supplementary
Information. All transplanted patients received granulocyte
colony stimulating factor–stimulated peripheral blood stem
cells. Stem cell donors were human leukocyte antigen
(HLA) matched related (n = 42, 23%), HLA matched unrelat-
ed (n = 108, 58%) or HLA mismatched unrelated (n = 36,
19%). Further patients’ characteristics are shown in Table 1
and Supplementary Table S1 and S2. Median follow-up after
diagnosis was 5.0 years for patients alive.
Assessment of BAALC/ABL1 and MN1/ABL1 copy
numbers and cutoff point definitions
For all patients, absolute BAALC and MN1 copy numbers at
diagnosis were assessed using specific ddPCR assay (BioRad,
Hercules, California, USA). ddPCR was performed on a
QX100 platform (BioRad), and QuantaSoft software
(Biorad) was used for raw data processing as previously de-
scribed [15]. Both genes were normalized to ABL1 copy num-
bers as internal control. To evaluate the prognostic impact, the
median BAALC/ABL1 (absolute 0.2538) andMN1/ABL1 copy
numbers (absolute 0.2424) were used to define patients with
high or low BAALC/ABL1 and MN1/ABL1 copy numbers at
diagnosis. For validation of the ddPCR results, in 110 patients,
qRT-PCR was performed to assess BAALC and MN1 expres-
sion levels at diagnosis additionally to ddPCR. For details
regarding qRT-PCR analysis, please see Supplementary
Information.
We previously reported on the prognostic significance of
preHSCT BAALC [15] as well as preHSCT MN1 copy num-
bers [16]. In the here-presented patient population, preHSCT
BAALC/ABL1 and preHSCT MN1/ABL1 copy numbers were
available in 77 and 76 patients, respectively. The previously
published cutoffs were used to define patients with high or
low preHSCT BAALC/ABL1 and preHSCT MN1/ABL1 copy
numbers [15, 16].
Cytogenetics, molecular marker, and flow cytometry
Diagnostic cytogenetic analyses were performed centrally
using standard techniques of banding and in situ hybridiza-
tion. Bone marrow mononuclear cells at diagnosis were
assessed for surface presence of an institutional standard panel
as previously described [22]. The mutation status of the
CCAAT/enhancer-binding protein alpha (CEBPA),
nucleophosmin 1 (NPM1), and FLT3 tyrosine kinase (FLT3-
TKD) gene as well as the presence or absence of internal
tandem duplications in the FLT3 gene (FLT3-ITD) were eval-

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































available, mutation status of 54 genes included in the TruSight
Myeloid Sequencing Panel (Illumina) was evaluated at diag-
nosis as previously described [22, 24]. Patients were grouped
according to the ELN2017 genetic classification [1].
Definition of clinical endpoints and statistical
analyses
All statistical analyses were performed using the R statis-
tical software platform (version 3.4.3) [25]. Overall sur-
vival (OS) was calculated from diagnosis until death from
any cause. Event free survival (EFS) was calculated from
diagnosis to event (i.e., nonachievement of a CR or CRi
after two cycles of chemotherapy, relapse or death from
any cause). Associations with baseline clinical, demo-
graphic, and molecular features were compared using the
Kruskal–Wallis Test and Fisher’s exact tests for continu-
ous and categorical variables, respectively. Survival esti-
mates were calculated using the Kaplan–Meier method,
and groups were compared using the log-rank test.
Multivariate analyses methods are described in the
Supplementary Information.
Results
Comparison of qRT-PCR and ddPCR results
To validate our ddPCR-based expression assays, we com-
pared the results to classical qRT-PCR assays. Results
from gene expression analysis by qRT-PCR and copy
number analysis by ddPCR correlated well (Spearman
correlation coefficient: BAALC r = 0.89 and MN1 r =
0.90, Fig. 1).
Associations of BAALC/ABL1 copy numbers at
diagnosis with clinical and genetic characteristics
Patients with high BAALC/ABL1 copy numbers at diagnosis
had a lower white blood count at diagnosis (P < .001) and
presented with a higher expression of immature surface anti-
gens (i.e., CD34, P < 0.001; CD34+/CD38!, P< 0.001; and
CD117, P < 0.001), higher expression of surface antigens in-
dicating T cell differentiation (i.e., CD7, P < 0.001; and CD2,
P < 0.001), higher CD13 expression (P = 0.04), but lower ex-
pression of other antigens indicating myeloid differentiation
(i.e., CD64, P < 0.001; CD11b, P = 0.01; and CD33, P =
0.001) on mononuclear bone marrow cells at diagnosis
(Supplementary Table S1). They had a lower frequency of a
normal karyotype (P < 0.001) and were more likely to have a
core binding factor AML (CBF-AML, P < 0.001) but also to
harbor adverse-risk genetics, i.e. del(5)/del(5q) (P = 0.001),
del(7)/del(7q) (P = 0.001), a monosomal karyotype (P =
0.02) [26], a complex karyotype (P = 0.02) [1], as well as
worse risk according to ELN2017 classification (P < 0.001,
Table 1). High BAALC/ABL1 copy numbers also associated
with a lower frequency of NPM1 mutations (P < 0.001),
FLT3-ITD (P < 0.001), DNMT3A mutations (P = 0.03), by
trend TET2 mutations (P = 0.10), and a higher frequency of
RUNX1 mutations (P = 0.004), higherMN1/ABL1 copy num-
bers (P < 0.001), higher GPR56 expression (P < 0.001), and
by trend higher EVI1 expression (P = 0.08) at diagnosis.
Associations of MN1/ABL1 copy numbers at diagnosis
with clinical and genetic characteristics
Patients with highMN1/ABL1 copy numbers at diagnosis had
lower white blood count at diagnosis (P < 0.001) and present-
ed with a higher expression of immature surface antigens (i.e.,
CD34, P < 0.001; CD34+/CD38!, P < 0.001; and CD117,
P < 0.001), higher expression of surface antigens indicating
Fig. 1 Spearman correlation
between ddPCR and qRT-PCR at





T cell differentiation (i.e., CD2, P < 0.001 and CD7,
P < 0.001), higher CD13 (P = 0.007), but lower expression
of other antigens indicating myeloid differentiation (i.e.,
CD33, P < 0.001; CD15, P = 0.05; and CD64, P = 0.001) on
mononuclear bone marrow cells at diagnosis (Supplementary
Table S1). High MN1/ABL1 copy numbers also associated
with a lower frequency of a normal karyotype (P < 0.001)
and a higher frequency of CBF-AML (P = 0.001) but also a
higher frequency of adverse risk genetics as del(7)/del(7q)
(P = 0.001), del(5)/del(5q) (P = 0.01), by trend monosomal
karyotype (P = 0.09) and worse risk according to ELN2017
classification (P < 0.001, Table 1). High MN1/ABL1 copy
numbers also associated with a lower frequency of NPM1
mutations (P < 0.001), FLT3-ITD (P = 0.004), CEBPA muta-
tions (P = 0.006), by trend TET2mutations (P = 0.10), as well
as a higher frequency ofRUNX1mutations (P = 0.004), higher
BAALC/ABL1 copy numbers (P < 0.001), and higher GPR56
expression (P < 0.001) at diagnosis.
Prognostic impact of BAALC/ABL1 and MN1/ABL1
copy numbers at diagnosis
In line with previously published reports, in patients treated
with chemotherapy alone, BAALC/ABL1 copy numbers at di-
agnosis associated with a significantly shorter EFS (P = 0.008,
Fig. 2a) as well as shorter OS (P = 0.05, Fig. 2b). In contrast,
in patients receiving allogeneic HSCT as consolidation thera-
py, there was no different EFS (P = 0.60, Fig. 2c) or OS (P =
0.31, Fig. 2d) in patients with high or low BAALC/ABL1 copy
numbers at diagnosis.
Similarly, high MN1/ABL1 copy numbers associated with
shorter EFS (P = 0.009, Fig. 3a), which despite a separation of
the curves did not translate into significantly shorter OS (P =
0.20, Fig. 3b). Again, in patients receiving allogeneic HSCT
as consolidation therapy, there was no different EFS (P =
0.50, Fig. 3c) or OS (P = 0.30, Fig. 3d) in patients with high
or low MN1/ABL1 copy numbers at diagnosis.
Fig. 2 Outcome according toBAALC/ABL1 at diagnosis in AML patients
(“outcome set”, n = 263). a Event free survival and b overall survival
according in patients receiving chemotherapy alone and c event free
survival and d overall survival in patients consolidated with an




In multivariate analyses for patients consolidated with che-
motherapy, high MN1/ABL1 copy numbers at diagnosis
remained a significant factor for shorter EFS after adjustment
for age at diagnosis and presence of a monosomal karyotype
while high BAALC/ABL1 copy numbers at diagnosis
remained a significant factor shorter OS after adjustment for
hemoglobin levels at diagnosis and presence of a complex
karyotype (Table 2). Also in multivariate analyses neither
high BAALC/ABL1 nor high MN1/ABL1 copy numbers at di-
agnosis were significantly associated with EFS or OS in pa-
tients receiving allogeneic HSCT (Table 3).
Similar results were observed when we restricted our anal-
yses to patients with a normal karyotype (Supplementary Figs.
S2 and S3) or patients transplanted in first CR (Supplementary
Fig. S4). Additionally, we performed a landmark analysis for
patients receiving chemotherapy for the first 139 days after
diagnosis (median time from diagnosis to HSCT in the
HSCT treated cohort) and again observed shorter EFS (P =
0.02) and by trend shorter OS (P = 0.08) for patients with high
BAALC/ABL1 copy numbers at diagnosis (Supplementary
Fig. S5A, B) as well as shorter EFS (P = 0.05) and by trend
shorter OS (P = 0.10) for patients with high MN1/ABL1 copy
numbers at diagnosis (Supplementary Fig. S5C, D).
Differences between patients consolidated with chemother-
apy and patients receiving allogeneic HSCT are shown in the
Supplementary Information and Supplementary Table S3.
Discussion
As a result of the search for better risk stratification in AML
patients with normal cytogenetics, high diagnostic expression
of the AML-associated genes BAALC and MN1 were shown
to have independent adverse prognostic impact on CR
achievement, relapse rates, EFS, and OS in younger [4, 9,
12–14, 27–29] and older [10–12] AML patients. Some later
investigations also suggested a prognostic impact in AML
patients with abnormal cytogenetics [30] or independently
Fig. 3 Outcome according to MN1/ABL1 at diagnosis in AML patients
(“outcome set”, n = 263). a event free survival and b overall survival
according in patients receiving chemotherapy alone and c event free
survival and d overall survival in patients consolidated with an




from cytogenetic groups [20, 31, 32]. Most of these studies
focused on chemotherapy-based consolidation therapies or
autologous HSCT with only a very small proportion of pa-
tients receiving an allogeneic—and in the majority of cases
related donor—HSCT. However, there have already been
some indications that the prognostic impact of diagnostic
BAALC and MN1 expression may be modulated by the con-
solidation treatment. Yoon et al. [33] analyzed a cohort of 125
cytogenetically normal AML patients of whom approximately
half were consolidated with an allogeneic HSCT and did not
observe a prognostic impact of highBAALC expression levels,
which might be explained by the mixed consolidation thera-
pies. One recent study suggested comparable EFS and OS for
high and low BAALC expressers in the TCGA dataset for
patients after allogeneic HSCT, but this analysis was limited
by low patient numbers and missing data on the applied che-
motherapies and conditioning regimens [20]. In a subanalysis
of 48 patients receiving allogeneic HSCT, Baldus et al. [28]
observed very low relapse rates irrespective ofBAALC expres-
sion at diagnosis and suggested that high BAALC expressing
patients might benefit from an allogeneic HSCT.With respect
to diagnostic MN1 expression, in a donor vs no donor
subanalysis by Heuser et al. [4], no benefit of an allogeneic
HSCT in high expressers was observed, but also this study
was also restricted by low patient numbers (n = 39). Thus, the
prognostic significance of BAALC andMN1 expression levels
at diagnosis in the context of an allogeneic HSCT remains to
be evaluated in a large homogeneously treated and genetically
Table 2 Multivariate analysis for patients in the outcome set receiving chemotherapy (n = 77)
Event free survival Overall survival
HR* (95% CI) P OR** (95% CI) P
Age at diagnosis, years 1.04 (1.01–1.06) 0.003 – –
Hb level at diagnosis, g/dl – – 1.32 (1.00–1.72) 0.05
Monosomal karyotype (present vs absent) 2.87 (1.36–6.05) 0.006 – –
Complex karyotype (present vs absent) – – 0.41 (0.16–1.00) 0.05
MN1/ABL1 copy numbers at diagnosis (high vs low, median cut) 2.26 (1.18–4.32) 0.01 – –
BAALC/ABL1 copy numbers at diagnosis (high vs low, median cut) – – 0.37 (0.14–0.97) 0.04
Hb, Hemoglobin
*HR; hazard ratio, ** OR, odds ratio, < 1 (> 1) indicate lower (higher) risk for an event for the first category listed for the dichotomous variables and for
the higher values of the continuous variables
Variables considered in the models were those significant at ! < 0.10 in univariable analyses. For EFS endpoint, variables considered were age at
diagnosis, disease origin (de novo vs secondary), ELN genetic risk, normal karyotype (present vs absent), complex karyotype (present vs absent),
monosomal karyotype (present vs absent), BAALC/ABL1 copy numbers (high vs low, median cut) andMN1/ABL1 copy numbers (high vs low, median
cut). For OS endpoint, variables considered were hemoglobin level at diagnosis, ELN genetic risk, normal karyotype (present vs absent), complex
karyotype (present vs absent), monosomal karyotype (present vs absent), and BAALC/ABL1 copy numbers (high vs low, median cut)
Table 3 Multivariate analysis for patients in the outcome set receiving allogeneic HSCT (n = 186)
Event free survival Overall survival
HR* (95% CI) P OR** (95% CI) P
Age at diagnosis – – 0.96 (0.93–0.98) 0.001
BM blast count at diagnosis 0.99 (0.97–1.00) 0.05 1.01 (1.00–1.02) 0.01
ELN genetic risk (adverse vs intermediate vs favorable) 1.97 (1.25–3.10) 0.004 0.71 (0.53–0.94) 0.02
Pre-HSCT MN1/ABL1 copy numbers (high vs low, 0.30 cut) 2.99 (1.44–6.21) 0.003 – –
BM, bone marrow; ELN, European LeukemiaNet; HSCT, hematopoietic stem cell transplantation
*HR, hazard ratio; **OR, odds ratio, < 1 (> 1) indicate lower (higher) risk for an event for the first category listed for the dichotomous variables and for
the higher values of the continuous variables
Variables considered in the models were those significant at ! < 0.10 in univariable analyses. For EFS endpoint, variables considered were age at
diagnosis, disease origin (de novo vs secondary), bone marrow blast count at diagnosis, hemoglobin level at diagnosis, ELN genetic risk, complex
karyotype (present vs absent), monosomal karyotype (present vs absent), EVI1 expression status (positive vs negative), preHSCT BAALC/ABL1 copy
numbers (high vs low, 0.30 cut) and preHSCTMN1/ABL1 copy numbers. For OS endpoint, variables considered were age at diagnosis, disease origin (de
novo vs secondary), ELN genetic risk, bonemarrow blast count at diagnosis,EVI1 expression status (positive vs negative), preHSCTBAALC/ABL1 copy




well-defined patient set—which was the main objective of our
study.
In contrast to previous reports that used qRT-PCR [4, 9,
13, 14, 27, 28] or microarray-based [12, 32] assays for
evaluation of BAALC and MN1 expression levels, we
adopted a ddPCR technology. This method allows absolute
quantification of gene copy numbers at high sensitivity,
specificity, and reproducibility without the need of stan-
dard curves [21] and enabled us to establish an assay suf-
ficient for a routine clinical assessment of BAALC andMN1
expression. In a subset of 110 patients, we observed a high
correlation between qRT-PCR and ddPCR results for both
gene expressions (Fig. 1) underlining the feasibility of our
ddPCR assays.
The observed associations of diagnostic BAALC and MN1
copy numbers with clinical and genetic parameter stand in line
with previously published analyses [4, 9–14, 20, 27, 31, 32].
As previously reported [13], high BAALC and MN1 expres-
sion correlated with each other, as well as with a high expres-
sion of immature markers such as CD34 [4, 9, 10, 31] and
CD117 [9]. Additionally, we observed an association of high
BAALC/ABL1 and MN1/ABL1 copy numbers with the
CD34+/CD38! cell burden, and GPR56, which match the
suggestions by Liu et al. [34] thatMN1 overexpression might
contribute to an expansion of the leukemic stem cell popula-
tion. High BAALC/ABL1 and MN1/ABL1 copy numbers cor-
related with a specific immunophenotype, including a lower
expression of mature myeloid antigens, e.g., CD11b or CD15,
which have already been described for BAALC [27], and
higher expression of antigens associated with T cell differen-
tiation. Additionally, both high BAALC/ABL1 andMN1/ABL1
expressing patients showed lower CD33 expression, which
might have clinical consequences when considering CD33-
targeted treatment approaches [35]. We also observed the pre-
viously reported association of high BAALC and MN1 levels
with lower white blood counts [9, 11, 14], immature FAB
types [12, 14], abnormal cytogenetics [20, 32], NPM1 wild-
type [9–13], as well as mutated CEBPA for high MN1 ex-
pressers [12].Within the TCGA data set an association of high
BAALC expression levels with mutated RUNX1was described
[20] that we observed for both high BAALC and high MN1
expressing patients. While we did not find an association of
high BAALC levels with wild-type PTPN11 [20], there was a
not yet reported lower incidence of DNMT3A mutations for
high BAALC expressers, as well as a trend for less TET2 mu-
tations in both high BAALC and MN1 expressing patients.
As expected, high BAALC andMN1 copy numbers associ-
ated with inferior outcomes in AML patients after
chemotherapy-based consolidation. In contrast, within the
large group of patients consolidated with an allogeneic
HSCT, we observed no prognostic impact of BAALC or
MN1 copy numbers at diagnosis, which was also seen in sep-
arate analyses for patients with a normal karyotype and
patients transplanted in first CR. Noteworthy, also the cumu-
lative incidences of relapse and nonrelapse mortality accord-
ing to BAALC/ABL1 and MN1/ABL1 copy numbers did not
differ after allogeneic HSCT (Supplementary Fig. S6).
This is especially interesting because even though for some
prognostic markers allogeneic HSCT has been described to
improve outcomes, the prognostic impact of most of these
markers retain their prognostic impact in the HSCT context
[23, 36, 37]. However, patients with high BAALC or MN1
expression at diagnosis—both markers repeatedly published
to confer inferior prognosis in chemotherapy-consolidated
AML patients—might benefit from an allogeneic HSCT as
consolidation therapy. Noteworthy, genes involved in antigen
processing and expression—among those genes encoding for
MHC class I andMHC class II molecules—correlate positive-
ly withMN1 gene expression signatures [13]. This associated
gene expressionmight support immunologic GvL effects after
HSCT to contribute to better outcomes in AML patients with
high MN1 expression.
We previously described the prognostic utility of BAALC/
ABL1 and MN1/ABL1 copy numbers for risk stratification in
remission prior to an allogeneic HSCT—which are likely to
reflect residual disease burden at this time point [15, 16]. In
the here-presented patient set, we also observed a strong im-
pact on EFS and OS after HSCT according to preHSCT
BAALC/ABL1 (Supplementary Fig. S7A, B) and MN1/ABL1
copy numbers (Supplementary Fig. S8A, B). Noteworthy,
there was no correlation between BAALC/ABL1 and MN1/
ABL1 copy numbers at diagnosis and in peripheral blood re-
mission samples prior to HSCT (Supplementary Fig. S9). The
prognostic impact of preHSCT BAALC/ABL1 andMN1/ABL1
copy numbers was independent of the diagnostic BAALC/
ABL1 (Supplementary Fig. S7C–F) orMN1/ABL1 copy num-
bers (Supplementary Fig. S8C–F). PreHSCT BAALC/ABL1
andMN1/ABL1 copy numbers may have the highest prognos-
tic value in patients with low copy numbers at diagnosis as this
may result in higher assay sensitivity (indicated in
Supplementary Figs. S7C–F and S8C–F), but larger analyses
are needed to confirm this assumption. In contrast, also in
patients with high or low preHSCT BAALC/ABL1 or MN1/
ABL1 copy numbers, diagnostic BAALC/ABL1 orMN1/ABL1
copy numbers did not impact outcome (Supplementary Fig.
S10).
Taken together, these data indicate that in the context of an
allogeneic HSCT, the diagnostic BAALC or MN1 expression
levels do not impact prognosis. However, independent of the
diagnostic BAALC or MN1 expression levels, the assessment
of both gene copy numbers in remission prior to allogeneic
HSCT allow for relevant risk stratification. This further con-
firms previous data showing that outcomes of AML patients
undergoing allogeneic HSCT remain the most favorable if
patients are measurable residual disease negative prior to start
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In conclusion, we show that the adverse prognostic impact
of high BAALC and MN1 expression levels at diagnosis is
mitigated in AML patients undergoing allogeneic HSCT. In
contrast, in patients receiving chemotherapy alone, we could
confirm the described inferior outcomes for individuals with
high BAALC or MN1 expression at diagnosis. Our data indi-
cate that patients with high BAALC or MN1 expression at
diagnosis might benefit from an allogeneic HSCT which
would help to individualize treatment of these patients.
Prospective analyses would be helpful to further confirm this
observation.
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5. Clinical and treatment-associated prognosticators in AML and MDS  
5.1 Background  
As a result of higher life expectancy as well as better anticancer treatment options, a growing incidence 
of patients with secondary or treatment related AML was noted.102,103 However, our knowledge of 
disease biology and optimal treatments is hampered by the lower proportion of patients treated within 
clinical studies.13,102 Compared to de novo AML, secondary and treatment related AML has been linked 
with high risk genetics, older age, and adverse outcomes, which were especially observed in 
population-based reports and studies analyzing AML patients treated with chemotherapy.13,14 As a 
consequence of the very low cure rates in secondary and treatment related AML with chemotherapy 
alone,13,14 allogeneic HSCT is often the preferred consolidation option in these patients. However, 
studies comparing outcomes between secondary or treatment related and de novo AML patients are 
limited, especially with a focus on lower intensity conditioning regimens, as reduced-intensity and non-
myeloablative conditioning. Thus, we opted to compare patients’ outcomes after this therapy. 
Additionally, no study reported outcomes in the context of the current ELN genetic risk classification, 
which highly impact patients’ outcomes, is among the most important risk factors in the current clinical 
practice,4 and included in our analysis. 
Some inconsistent data points to a prognostic relevance of the patient’s body mass index (BMI) in a 
variety of cancer entities.104,105 Also in patients with newly diagnosed AML, conflicting results showed 
either higher remission rates and longer survival or no distinct outcomes according to BMI for 
overweight or obese patients receiving chemotherapy.106–108 However, clinical data on the prognostic 
impact of BMI with regard to the applied post-remission therapy, especially an allogeneic HSCT, are 
lacking. Since AML patients often suffer from weight loss during intensive chemotherapy, we 
speculated that not only the nutritional status at diagnosis or prior to the start of HSCT conditioning 
regimen, but rather weight changes from AML diagnosis to HSCT might be relevant parameters to 
predict outcomes. This is of particular importance, as weight loss during therapy might be easily 
preventable by adequate nutritional support and, thus, could present a modifiable patient-related risk 
factor. 
Allogeneic HSCT currently remains the only treatment with curative potential in MDS patients.109 
Choosing the optimal conditioning regimen remains a major clinical challenge, especially in older or 
comorbid individuals who may not be candidates for myeloablative HSCT and who constitute the 
majority of MDS patients.109 These higher conditioning intensities may result in better disease control, 
and, subsequently, are of high importance in adverse risk patients, but also harbor the risk of higher 
toxicities and treatment-related mortality. Reduced intensity and non-myeloablative conditioning 
regimens allowed a sufficient reduction of acute toxicities and may be adapted in patients up to 80 
years of age.23,56,110,111 In contrast to existing data on reduced intensity compared to myeloablative 
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conditioning,112–116 hardly any study compared reduced intensity and non-myeloablative HSCT in older 
and/or unfit MDS patients. Here, data is limited and mostly incorporated in studies also analyzing AML 
patients.117 
 
5.2 Own contribution 
Objectives 
o To compare outcomes between de novo and secondary or treatment related AML patients 
undergoing allogeneic HSCT in the context of the ELN genetic risk stratification and the pre-
HSCT MRD status.  
o To evaluate the prognostic impact of the BMI at diagnosis and HSCT as well as BMI changes 
between diagnosis and HSCT in AML patients undergoing allogeneic HSCT. 
o To compare reduced intensity and non-myeloablative conditioning regimens in older MDS 
patients regarding relapse risk, non-relapse mortality and survival after allogeneic HSCT.  
 
Manuscripts included in this paragraph: 
Jentzsch M, Grimm J, Bill M, Brauer D, Backhaus D, Goldmann K, Schulz J, Niederwieser D, 
Platzbecker U, Schwind S.  
ELN risk stratification and outcomes in secondary and therapy-related AML patients 
consolidated with allogeneic stem cell transplantation. Bone Marrow Transplant. 2020 Nov 19. 
doi: 10.1038/s41409-020-01129-1. [Online ahead of print] 
 
Brauer D, Backhaus D, Vucinic V, Niederwieser D, Platzbecker U, Schwind S*, Jentzsch M*. 
*shared senior author 
Nutritional status at diagnosis and weight changes impact outcomes in acute myeloid leukemia 
patients receiving allogeneic hematopoietic stem cell transplantation HemaSphere 2021. 
5:2(e532). 
 
Jentzsch M*, Döhring C*, Linke R, Hille A, Grimm J, Pönisch W, Vucinic V, Franke GN, Behre G, 
Niederwieser D, Schwind S. *shared first author 
Comparison of non-myeloablative and reduced-intensity allogeneic stem cell transplantation 
in older patients with myelodysplastic syndromes. Am J Hematol 2019; 94:1344-1352.  
 
Summary 
The first manuscript included in this paragraph compares outcomes between de novo and secondary 
or treatment related AML patients consolidated with an allogeneic HSCT in the context of the current 
ELN genetic risk stratification and the pre-HSCT MRD status. As previously reported associated 
secondary or treatment related AML with older age and adverse genetic risk. Similar relapse incidence 
but higher non-relapse mortality and shorter overall survival in secondary or treatment related 
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compared to de novo AML patients were observed. This was especially seen in patients after more 
intensive conditioning regimens and patients developing secondary AML after previous MPN or 
MDS/MPN. Within the distinct ELN genetic risk groups, no outcome differences between de novo and 
secondary or treatment related AML patients was observed, indicating better outcomes for these 
patients after allogeneic HSCT than after consolidation chemotherapy alone.118 
The second manuscript included in this paragraph shows that not only a higher BMI at diagnosis 
associates with higher treatment-related mortality and shorter survival after allogeneic HSCT in AML 
patients. Rather, weight loss of more than 2 BMI points during chemotherapy between AML diagnosis 
and HSCT was a strong predictor for higher treatment-related mortality and shorter survival in 
univariate and multivariate analyses. These results were observed across all ELN risk groups but 
especially in patients with favorable or intermediate ELN risk and patients transplanted in morphologic 
remission. This data also showed that only in patients being obese at AML diagnosis, weight loss did 
not result in adverse outcomes.119 
The third paper included in this paragraph compares two lower-intensity conditioning approaches in 
older MDS patients undergoing allogeneic HSCT: the reduced intensity conditioning as well as the non-
myeloablative conditioning, the lowest intensity protocol allowing donor cell engraftment. This data 
shows comparable disease control of both conditioning intensities but indicates lower treatment-
related mortalities due to lower rates of chronic graft-versus-host disease after reduced intensity 
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Abstract
Secondary or therapy-related acute myeloid leukemia (s/tAML) differs biologically from de novo disease. In general s/tAML
patients have inferior outcomes after chemotherapy, compared to de novo cases and often receive allogeneic stem cell
transplantation (HSCT) for consolidation. The European LeukemiaNet (ELN) risk strati!cation system is commonly applied
in AML but the clinical signi!cance is unknown in s/tAML. We analyzed 644 s/tAML or de novo AML patients receiving
HSCT. s/tAML associated with older age and adverse risk, including higher ELN risk. Overall, s/tAML patients had similar
cumulative incidence of relapse (CIR), but higher non-relapse mortality (NRM) and shorter overall survival (OS). In
multivariate analyses, after adjustment for ELN risk and pre-HSCT measurable residual disease status, disease origin did not
impact outcomes. Within the ELN favorable risk group, CIR was higher in s/tAML compared to de novo AML patients
likely due to a different distribution of genetic aberrations, which did not translate into shorter OS. Within the ELN
intermediate and adverse group outcomes were similar in de novo and s/tAML patients. Thus, not all s/tAML have a dismal
prognosis and outcomes of s/tAML after allogeneic HSCT in remission are comparable to de novo patients when considering
ELN risk.
Introduction
Since acute myeloid leukemia (AML) is a biologically and
clinically highly heterogeneous disease, a reliable risk
strati!cation is very important to personalize treatment
strategies. At diagnosis, the European LeukemiaNet (ELN)
risk classi!cation is a recommended risk strati!cation sys-
tem, widely used, and has been shown to provide prognostic
information in AML patients undergoing chemotherapy as
well as allogeneic hematopoietic stem cell transplantation
(HSCT) [1–3]. In addition, the evaluation of measurable
residual disease (MRD) allows the adjustment of risk stra-
ti!cation during disease course [1, 4]. Over the last years, a
growing incidence of patients with secondary (sAML) or
treatment-related (tAML) AML has been observed [5, 6].
This comes as a result of the demographic changes with
higher life expectancies as well as better cancer treatment
options with an increasing number of patients surviving
their primary neoplasm [6, 7]. The growing need for
understanding s/tAML to improve risk strati!cation and
subsequently patients’ outcomes is hampered by the low
proportion of patients treated within clinical studies as
compared to de novo cases [5, 8]. Regarding the associated
prognosis, data on the rate of patients achieving a complete
remission (CR) remain inconclusive with similar CR rates
for de novo and tAML patients in a German analysis [7],
but lower CR rates for s/tAML patients in Danish and
Swedish registry data [8, 9] and another German study [2].
After consolidation chemotherapy, shorter disease free and
overall survival (OS) have been observed for s/tAML
compared to de novo cases [7–11]. The adverse outcomes
of s/tAML were also suggested to be independent from the
higher incidence of adverse risk cytogenetics, especially in
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younger AML patients [7–9, 12]. As a consequence of the
low cure rates of not more than 20% after chemotherapy
alone [8, 9], allogeneic HSCT often is the preferred con-
solidation option in s/tAML patients. Here, mostly registry-
based data not including de novo AML individuals suggest
allogeneic HSCT as a suitable and often curative treatment
option for s/tAML patients [13–18]. However, data com-
paring outcomes of s/tAML and de novo AML patients
undergoing allogeneic HSCT remain sparse. A recent
registry-based analysis by the EBMT on reduced intensity
(RIC) or myeloablative conditioning (MAC) HSCT showed
higher relapse rates, higher non-relapse mortality (NRM),
and shorter OS in s/tAML compared to de novo AML
patients [19]. In contrast, a monocentric study in which the
majority of patients were younger and received MAC sug-
gested comparable outcomes for s/tAML patients [20].
However, s/tAML patients are often older than individuals
with de novo AML [7–9], and may not be candidates for
MAC- or even RIC-HSCT, also due to comorbidities and
previous treatments. In addition, both studies did not report
outcomes in the context of the current ELN risk classi!-
cation, or the MRD status prior to HSCT, which both have
been shown to impact patients’ outcomes [3, 21]. Here, we
report outcomes of mostly older patients receiving allo-
geneic HSCT at our institution within the context of the
most recent ELN risk classi!cation.
Subjects and methods
Patients and treatment
We retrospectively analyzed 644 consecutive AML
patients, who received an allogeneic HSCT at the Uni-
versity of Leipzig at a median age of 59.7 years (range
16.3–76.8 years). For all patients, associations of the dis-
ease origin with baseline clinical and genetic factors were
assessed (“association set”). Of those, 534 patients were
transplanted in CR or CR with incomplete peripheral
recovery (CRi) and included in the outcome analysis
(“outcome set”). Conditioning regimens in the 534 patients
in the outcome set were either MAC (n= 142, 27%), RIC
(n= 13, 2%) or NMA (n= 379, n= 71%). RIC con-
ditioning was applied within the MC-FludT.14/L trial
(EudraCT Number 2008-002356-18). Reasons for NMA-
HSCT as opposed to MAC-HSCT were age over 50 years if
receiving unrelated HSCT and over 55 years if receiving
related HSCT, prior autologous HSCT (n= 7) or active
infections (n= 8). All patients received G-CSF-stimulated
peripheral blood stem cells as graft source. Stem cell donors
were human leukocyte antigen (HLA) matched related (n=
121, 23%), HLA matched unrelated (n= 306, 57%) or had
Table 1 Clinical and genetic characteristics for all patients according
to disease origin (de novo vs secondary or treatment related), n= 644.





n= 644 n= 416 n= 228
Age at diagnosis, years <0.001
Median 59.0 56.0 62.1
Range 14.3–76.5 14.3–76.5 27.1–74.7
Sex, n (%) 0.05
Male 334 204 (49) 130 (57)
Female 310 212 (51) 98 (43)
Hemoglobin, g/dL 0.69
Median 8.9 9 8.9
Range 3.2–15.7 3.2–15.7 5.4–15
Platelet count, !109/L 0.25
Median 63 65 59
Range 1–950 2–950 1–547
WBC, !109/L 0.01
Median 6.5 8.6 5.3
Range 0.1–432 0.5–385 0.1–432
Blood blasts, % <0.001
Median 20 24 12
Range 0–98 0–98 0–97
BM blasts, % <0.001
Median 50 60 35
Range 0–100 0–100 0–95
BM CD34+/CD38- burden, % <0.001
Median 0.7 0.5 1.1
Range 0–89 0–75 0–89
Normal karyotype, n (%) 0.006
Absent 329 192 (52) 137 (63)
Present 259 180 (48) 79 (37)
ELN2017 genetic risk group,
n (%)
<0.001
Favorable 114 97 (33) 17 (12)
Intermediate 129 84 (28) 45 (32)
Adverse 195 115 (39) 80 (56)
NPM1, n (%) <0.001
Wild type 345 217 (71) 128 (86)
Mutated 111 90 (29) 21 (14)
CEBPA, n (%) 0.73
Wild type 326 232 (88) 94 (87)
Mutated 45 31 (12) 14 (14)
FLT3-ITD, n (%) <0.001
Absent 358 224 (72) 134 (90)
Present 103 88 (28) 15 (10)
FLT3-TKD, n (%) 0.003
Wild type 379 248 (87) 131 (96)
Mutated 42 37 (13) 5 (4)
RUNX1, n (%) 1
Wild type 95 61 (85) 34 (85)
Mutated 17 11 (15) 6 (15)
ASXL1, n (%) 0.41
Wild type 95 63 (88) 32 (80)
Mutated 17 9 (13) 8 (20)
TP53, n (%) 1
Wild type 99 64 (89) 35 (88)
Mutated 13 8 (11) 5 (13)
ASXL1 additional sex combs-like 1 gene, BM bone marrow,
BAALC brain and acute leukemia, cytogenetic gene, CEBPA
CCAAT/enhancer-binding protein alpha gene, ELN European
LeukemiaNet, FLT3-ITD internal tandem duplication of the FLT3
gene, Hb hemoglobin, MN1 meningioma 1 gene, NPM1 nucleo-
phosmin 1 gene, PB peripheral blood, RUNX1 Runt-related
transcription factor 1 gene, TP53 tumor protein 53 gene, WBC
white blood count.
M. Jentzsch et al.
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at least one HLA mismatch (n= 107, 20%). Prior to allo-
geneic HSCT, patients received age-dependent standard
cytarabine-based chemotherapy protocols. As the reported
patients received chemotherapy prior to the approval of a
liposomal combination of cytarabine and daunorubicin
(CPX-351) in Europe, none of the here analyzed s/tAML
patients received the substance. Details on the applied
therapies are given in the Supplementary Information.
Further patients’ characteristics are shown in Table 1 and
Supplementary Tables S1–S3. Median follow-up after
HSCT was 3.7 years for patients alive. Written informed
consent was obtained from all patients in accordance with
the Declaration of Helsinki.
De!nitions of secondary or treatment-related AML
sAML was de!ned as AML developing after an ante-
cedent myeloid neoplasm, i.e., myelodysplastic syndrome
(MDS), myeloproliferative neoplasm (MPN), or MDS/
MPN. tAML was de!ned as AML developing after
exposure to chemotherapy or radiation applied for the
treatment of lymphomas, solid tumors, or autoimmune
diseases [22].
Cytogenetics, molecular marker, "ow cytometry,
and MRD
Cytogenetic aberrations, surface antigen expression of
common surface markers, mutations in the genes NPM1 and
CEBPA and the presence of FLT3-ITD were assessed in
pretreatment bone marrow samples as previously described
[23, 24]. For patients with material available, the mutation
status of 54 genes included in the TruSight Myeloid
Sequencing Panel (Illumina) was evaluated at diagnosis as
previously described [24, 25]. Patients were grouped
according to the ELN2017 risk classi!cation [1] according
to the diagnostic cytogenetic and molecular data available.
Determination of the leukemic stem cell population at
diagnosis and pre-HSCT MRD status was performed as













































Fig. 1 AML patients in the
association set (n= 644).
a Distribution of disease origin
and b distribution of the ELN
risk groups according to disease
origin.




All statistical analyses were performed using the R statis-
tical software platform (version 3.4.3) [29]. For further
details see the Supplementary Information.
Results
Incidence of s/tAML
Overall, 416 patients (64%) had de novo AML while 171
patients (27%) had sAML (18% after prior MDS [MDS-
sAML], 2% after prior MDS/MPN, and 6% after prior MPN
[MPN-sAML]) and 57 patients (9%) had tAML (3% after
lymphoma, 6% after a solid tumor and 0.5% of patients
after autoimmune disorders, Fig. 1a). Detailed information
on the type of prior malignancies is given in the Supple-
mentary Information. Median time from cytotoxic treatment
to AML diagnosis in tAML patients was 4.5 years (range
0.5–22.3 years).
Characteristics of s/tAML patients
Compared to de novo AML patients, s/tAML patients were
older (P < 0.001 and P= 0.006, for sAML or tAML,
respectively) and had a lower white blood count (P= 0.03
and P= 0.05, respectively) at diagnosis (Table 1 and Sup-
plementary Table S1). In addition, there were lower bone
marrow (P < 0.001) and peripheral blood blast percentages
(P < 0.001) at diagnosis and more male patients in the
sAML patient cohort (P= 0.003). s/tAML patients also had
a higher CD34+/CD38! cell burden (P < 0.001 and P=
0.05, respectively) and presented with a distinct immuno-
phenotype (see Supplementary Information and Supple-
mentary Table S2). s/tAML patients were more likely to
have a del5/5q (P= 0.01 and P= 0.01, respectively) and a
del7/7q (P= 0.05 and P < 0.001, respectively) but less
likely to have a core binding factor (CBF) AML (P < 0.001
and P= 0.01, respectively), a normal karyotype (P= 0.05
and P= 0.02, respectively), or a FLT3-ITD (P < 0.001 and
P= 0.05, respectively). In addition, patients with tAML
more often had a complex (P= 0.006) [1] and a monosomal
karyotype (P < 0.001) [30] while patients with sAML had a
trend for more trisomy 8 (P= 0.06), were more likely to be
SRSF2 mutated (P= 0.03) or JAK2 mutated (P < 0.001) but
less likely to be NPM1 (P < 0.001) or FLT3-TKD mutated
(P= 0.001). Taken together, s/tAML patients were also by
trend less likely to harbor a RAS pathway mutation (con-
sidering NRAS, KRAS, HRAS, and PTPN11 mutations, P=
0.10). Regarding patients in the outcome set, sAML patients
more often received a NMA conditioning (P < 0.001), were
more likely to receive their allogeneic HSCT in !rst CR/
CRi (P= 0.03), more likely to have a CRi compared to a
CR (P= 0.005), while we observed no difference in pre-
HSCT MRD status between de novo and s/tAML patients
(P= 0.78, Supplementary Table S3). S/tAML patients were
less likely to have a related donor (P= 0.009), by trend
more likely to develop aGvHD (P= 0.06), while cGvHD
was similar between s/tAML and de novo AML patients
(P= 0.31). While tAML patients had a higher comorbidity
index (HCT-CI) than de novo individuals (P < 0.001), the
HCT-CI did not differ between de novo and sAML patients
(P= 1). Importantly, s/tAML patients had a different dis-
tribution of the ELN risk groups compared to de novo
disease and were more likely to harbor adverse ELN risk
(P < 0.001 and P= 0.01, respectively, Fig. 1b),
Outcome of s/tAML patients
In the whole outcome set (Fig. 2), s/tAML patients had
comparable CIR (P= 0.57) as de novo AML patients, but
signi!cantly higher NRM (P= 0.02) and shorter OS (P=
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Fig. 2 Outcome according to disease origin (de novo vs secondary or treatment-related AML) for patients in the outcome set (n= 534).
a Cumulative incidence of relapse, b non-relapse mortality, and c overall survival in all patients.
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higher CIR (P= 0.02), higher NRM (P= 0.009), and
shorter OS (P < 0.001) than patients receiving RIC- or
MAC-HSCT (Supplementary Figs. S1 and S2) and a higher
proportion of patients receiving NMA-HSCT had s/tAML
(P= 0.03, Supplementary Table S3), resulting in a potential
bias for outcome analyses. Thus, outcome was analyzed
separately for NMA conditioned and RIC or MAC condi-
tioned patients. Restricting the analysis to patients receiving
NMA-HSCT (Fig. 3a–c), there was no different CIR (P=
0.81), NRM (P= 0.49), or OS (P= 0.20) between de novo
and s/tAML patients. In contrast, in patients receiving RIC-
or MAC-HSCT (Fig. 3e, f) with the caveat of limited patient
numbers (n= 28) and a potential selection bias, s/tAML
patients had a signi!cantly higher NRM (P < 0.001), by
trend shorter OS (P= 0.09) but similar CIR (P= 0.78).
Similar results were observed when we restricted our ana-
lyses to patients transplanted in !rst CR/CRi (Supplemen-
tary Fig. S3).
In multivariate analyses for the whole patient cohort, s/
tAML patients did not have distinct outcome compared to
patients with de novo AML while ELN risk and pre-HSCT
MRD status remained signi!cant factors for CIR and OS
(Table 2). Multivariate analyses for patients receiving
NMA-HSCT or RIC- or MAC-HSCT separately is shown in
Supplementary Table S4.
Clinical and genetic characteristics of s/AML patients
within the three ELN risk groups
Distribution of de novo or s/tAML as well as of primary
neoplasm within s/tAML patients differed between the three
ELN risk groups and is depicted in Fig. 4a, e, i.
Within patients with favorable risk according to ELN, s/
tAML patients were older (P= 0.02) and had by trend a
lower bone marrow blast percentage at diagnosis (P= 0.08)
than de novo individuals. They were more likely to have a
normal karyotype (P= 0.01) and to be NPM1 mutated (P=
0.04), but less likely to harbor CBF AML (P= 0.003), or a
FLT3-ITD (P= 0.04, Fig. 4d, Supplementary Table S5).
Within patients with intermediate risk according to ELN, s/
tAML patients were older (P= 0.02) and had lower bone
marrow blast percentages at diagnosis (P= 0.003) than de
novo individuals. They were less likely to be NPM1
mutated (P= 0.03), to harbor a FLT3-ITD (P= 0.02) and to
be DNMT3A mutated (P= 0.04) but more likely to be JAK2
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Patients after RIC- or MAC-HSCT
Fig. 3 Outcome according to disease origin (de novo vs secondary
or treatment-related AML) for patients in the outcome set (n=
534) given separately for both conditioning regimens. a Cumulative
incidence of relapse, b non-relapse mortality, and c overall survival for
patients receiving NMA-HSCT (n= 379) and d cumulative incidence
of relapse, e non-relapse mortality, and f overall survival for patients
receiving RIC- or MAC-HSCT (n= 155).
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risk according to ELN, s/tAML patients were older (P=
0.008), had lower platelet counts (P= 0.03), lower bone
marrow blast percentages (P= 0.006) and a higher CD34
+/CD38! cell burden at diagnosis= (P= 0.05) than de
novo individuals. They were also less likely to harbor a
FLT3-ITD (P= 0.03) and by trend FLT3-TKD (P= 0.09)
and more likely to be ASXL1 mutated (P= 0.05, Fig. 4l).
Outcome of s/tAML patients within the three ELN
risk groups
The ELN risk groups have been shown to allow a separation
of patients in risk groups with distinct outcomes [2, 3, 31]
and were distributed signi!cantly different between de novo
and s/tAML patients. Subsequently, we analyzed the
prognostic impact of s/tAML compared to de novo AML
within the ELN risk groups separately. Within the group of
favorable ELN risk (n= 107, Fig. 4b, c), patients with s/
tAML (n= 17) had signi!cantly higher CIR (P= 0.005),
but comparable OS (P= 0.80) as de novo AML patients (n
= 90). Noteworthy is the low number of patients in the s/
tAML group with ELN favorable risk, suggesting the results
to be interpreted with caution. In contrast, neither within the
group with intermediate (n= 115, Fig. 4f, g) nor adverse
ELN risk (n= 152, Fig. 4j, k) distinct outcomes according
to disease origin were observed. Finally, also in the high-
risk group of patients with detectable pre-HSCT MRD, no
distinct CIR (P= 0.63) and OS (P= 0.40, Supplementary
Fig. S4) were observed.
Discussion
The here observed associations of s/tAML compared to de
novo AML patients are in line with previously published
data [7–9, 12, 20]. Our study also shows that ELN adverse
risk is more frequent and ELN favorable risk less frequent
in s/tAML (Fig. 1b) compared to de novo AML patients.
After consolidation chemotherapy, adverse outcomes for
s/tAML compared to de novo individuals have been shown,
but this difference is reduced in older individuals (>60
years) or when high-risk genetic subgroups were regarded
separately [7–9]. After allogeneic HSCT, there are only
limited and con"icting data comparing de novo and s/tAML
[19, 20] and no study focused on older individuals, repre-
senting the majority of s/tAML patients, and within the
context of the most recent ELN risk classi!cation.
Regarding all patients, we observed a shorter OS for s/
tAML patients which primarily was caused by higher NRM
after allogeneic HSCT (Fig. 2b). Importantly, in multi-
variate analyses, after adjustment for ELN risk and pre-
HSCT MRD status, disease origin did not impact CIR or
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Variables considered in the models were those signi!cant at != 0.10 in univariable analyses.
For cumulative incidence of relapse endpoint, variables considered were: ELN2017 genetic risk group, age at
HSCT, and pre-HSCT MRD status conditioning regimen (RIC/MAC vs NMA).
For non-relapse mortality endpoint, variables considered were: disease origin (de novo vs s/tAML), age at
HSCT, remission status at HSCT (CR vs CRi), conditioning regimen (RIC/MAC vs NMA), and donor type
(mismatched vs matched unrelated vs related).
For OS endpoint, variables considered were: disease origin (de novo vs s/tAML), ELN2017 genetic risk
group, age at HSCT, pre-HSCT MRD status, conditioning regimen (RIC/MAC vs NMA), remission status at
HSCT (CR vs CRi) and donor type (mismatched vs matched unrelated vs related).
AML acute myeloid leukemia, CI con!dence interval, CR complete remission, CRi complete remission with
incomplete peripheral recovery, ELN European LeukemiaNet, HSCT hematopoietic stem cell transplantation.
aHR, hazard ratio, <1 (>1) indicate lower (higher) risk of relapse for the !rst category listed for the
dichotomous variables.
bOR, odds ratio, <1 (>1) indicate lower (higher) chance of survival for the !rst category listed for the
dichotomous variables.
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OS. In separate analyses according to the applied con-
ditioning regimens, no outcome difference between de novo
and s/tAML was seen after NMA conditioning. Only within
patients receiving RIC- or MAC-HSCT, having s/tAML
remained a prognostic factor for higher NRM in both uni-
variate and multivariate analyses. However, only 28 s/
tAML patients received RIC- or MAC-HSCT in the here
analyzed set. Two other studies compared de novo and s/
tAML patients undergoing allogeneic HSCT [19, 20].
Overall outcomes in both studies match our analysis which
is also true for the higher age and a more frequent use of
lower intensity conditioning in the s/tAML cohorts. One
other single centre analysis showed no distinct outcomes for
patients transplanted in CR1/CRi1 [20]. In this study, lower
patient numbers and no distinct cytogenetic risk between de
novo and sAML patients may have contributed to the
lacking outcome differences.
In contrast, the EBMT recently reported higher CIR and
NRM and shorter OS for s/tAML patients, independently of
conditioning intensity or cytogenetic risk [19]. Among the
suggested reasons for these outcome differences was a
lower ability to tolerate allogeneic HSCT-related toxicities
in s/tAML patients. As we did not observe higher NRM or
shorter OS after NMA-HSCT, but after RIC- or MAC-
HSCT, our study contributes to this assumption of a pre-
disposition to treatment-related complications after more
intensive conditioning regimens in s/tAML patients.
Another speculation of Schmaelter et al. was that a higher
pre-HSCT MRD burden might have contributed to the
worse outcomes [19]. We were able to assess the pre-HSCT
MRD status (as previously described [26–28] based on
NPM1 mutation status and BAALC and MN1 expression) in
244 patients which did not differ between de novo or s/
tAML in our cohort, neither within the whole patient
population (Supplementary Table S3) nor separately within
the three ELN risk groups (Supplementary Table S5). As
expected, MRD positivity correlated well with higher
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Fig. 4 Outcome and disease characteristics according to disease
origin (de novo vs secondary or treatment-related AML) within
the separate ELN risk groups. a Distribution of primary disease,
b cumulative incidence of relapse, c overall survival, and d genetic
associations in patients with favorable ELN risk, e distribution of
primary disease, f cumulative incidence of relapse, g overall survival,
and h genetic associations in patients with intermediate ELN risk and
i distribution of primary disease, j cumulative incidence of relapse,
k overall survival, and l genetic associations in patients with adverse
ELN risk.
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origin in both de novo and s/tAML patients (Supplementary
Fig. S5) or conditioning regimen (Supplementary Fig. S6).
In addition, outcome of pre-HSCT MRD positive patients
was dismal and did not differ between de novo or s/tAML
groups (Supplementary Fig. S4).
After consolidation chemotherapy, outcome differences
between s/tAML and de novo AML patients have also been
shown within different genetic risk groups [9, 32] but were
reported to be larger in patients with favorable rather than
adverse or intermediate genetic risk [12]. To our knowl-
edge, we are the !rst to report on s/tAML patients receiving
HSCT in the context of the most recent ELN risk classi!-
cation, which relies to a larger extend on the molecular
disease characterization [1]. Within the three ELN risk
groups, between de novo and s/tAML patients, we observed
a signi!cantly different distribution of genetic character-
istics, indicating distinct genetic drivers of the disease
(Fig. 4d, h, i). In the ELN favorable group, s/tAML patients
had less FLT3-ITD and CBF AML than de novo AML
patients. Subsequently, and in contrast to the whole patient
cohort, in ELN favorable risk the amount of patients with a
normal karyotype or a NPM1 mutation was higher in s/
tAML than de novo AML patients. Within the ELN inter-
mediate group, s/tAML patients were more likely to be
JAK2 mutated but less likely to be NPM1, DNMT3A, or
FLT3-ITD mutated. In ELN adverse risk, s/tAML patients
again had less FLT3-ITD, but were more often ASXL1
mutated, which has been linked to sAML [33]. Regarding
outcomes, only within the ELN favorable risk group we
observed a higher CIR for s/tAML patients, likely driven by
the lower incidence of CBF AML. CIR and OS remained
similar between de novo and s/tAML patients within the
ELN intermediate and adverse groups. Our data suggest that
when the ELN risk groups are considered, no distinct sur-
vival can be shown between de novo or s/tAML patients
receiving HSCT in remission and, thus, that allogeneic
HSCT might contribute to better outcomes in this patient
population.
Recently, a variety of new substances have been intro-
duced into AML treatment. CPX-351 has been shown to
improve outcomes for patients with s/tAML as compared to
standard 7+ 3 chemotherapy [34]. Combination therapies
of standard 7+ 3 with FLT3 inhibitors, as Midostaurin, in
patients with FLT3-mutated AML [35] or gemtuzumab
ozogamicin (GO) in CD33-positive favorable or inter-
mediate risk AML [36] represent a new standard of care. Of
note, none of the patients in our set received CPX-351 or
GO and all patients treated within FLT3 inhibitor studies
had de novo disease as prior chemotherapies were excluded
according to study protocols. We also found lower CD33
expression levels in s/tAML compared to de novo AML
patients (Supplementary Fig. S7), which might indicate
reduced ef!cacy of GO in these patients and raises the
question of applying higher dosages in selected patients.
How these new substances will !t into the treatment of s/
tAML patients remains to be elucidated, but treatment
combinations of CPX-351 with GO (ClinicalTrials.gov
Identi!er: NCT03904251) and/or FLT3 inhibitors
(NCT04128748) in eligible patients will likely further
improve outcomes in s/tAML patients.
Relevant limitations of our study are the retrospective
nature and restricted patient numbers within some subgroup
analyses, including e.g., patients receiving RIC- or MAC-
HSCT. In addition, only a restricted number of patients had
the pre-HSCT MRD status available as well as could be
comprehensively molecularly characterized for their
ASXL1, RUNX1, and TP53 mutation status—relevant for
the genetic risk classi!cation according to ELN2017 at
diagnosis, leading to restricted patient numbers in some
subgroups. Especially the s/tAML ELN2017 favorable
subgroup included only 17 patients in the outcome analysis.
In conclusion, consistent with previous studies
[19, 20], our data show that allogeneic HSCT is a feasible
and often curative consolidation option for s/tAML
patients. While s/tAML patients were older and more
likely to harbor adverse ELN risk, outcomes between de
novo and s/tAML patients did not differ when these
covariables were considered. Thus, not all s/tAML
patients have a dismal prognosis when undergoing allo-
geneic HSCT. Pre-HSCT MRD positivity remained an
important prognostic factor in both de novo and s/tAML
patients and showed no distinct incidence between both
patient populations. These data highlight the importance
of the ELN2017 classi!cation and pre-HSCT MRD status
for risk strati!cation also in s/tAML.
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Brauer et al Prognostic Impact of Weight Loss in HSCT Treated AML
objectives of the here presented study were to evaluate the prog-
nostic impact of the BMI at diagnosis and HSCT as well as BMI 




We analyzed 662 AML patients receiving an allogeneic HSCT 
at a median age of 59.4 years (range 16.3-74.9 y) between July 
1998 and December 2019 at the University Hospital Leipzig. 
Median time from diagnosis to HSCT was 4.6 months (range 
0.2-103.3 mo). Conditioning regimens were either myeloabla-
tive (MAC, n = 170, 26%), of reduced intensity (n = 98, 15%), or 
nonmyeloablative (n = 394, 60%). All patients received granulo-
cyte colony-stimulating factor-stimulated peripheral blood stem 
cells as graft source. Stem cell donors were human leukocyte 
antigen (HLA) matched related (n = 130, 20%), haploidentical 
related (n = 12, 2%), HLA matched unrelated (n = 394, 59%), 
or unrelated and had at least 1 HLA mismatch (n = 126, 19%). 
Prior to allogeneic HSCT, patients received age-dependent stan-
dard cytarabine-based chemotherapy protocols. Details on the 
applied chemotherapies and conditioning regimens are given 
in the Supplementary Information (http://links.lww.com/HS/
A131). Further patients’ characteristics are shown in Table! 1 
and Supplementary Table S1 (http://links.lww.com/HS/A131). 
Patients’ comorbidities were assessed by the HCT-CI.6 Written 
informed consent was obtained from all patients in accordance 
with the Declaration of Helsinki. Median follow-up after HSCT 
was 3.1 years for patients alive.
Evaluation of BMI
The BMI at diagnosis (n = 381) and up to 28 days prior to the 
start of HSCT conditioning regimens (n = 650) were evaluated 
by dividing the patient’s weight at either timepoint in kilogram 
through the square of the patient’s height in meters. According to 
the World Health Organization (WHO) classi"cation, patients 
were classi"ed to be under-/normal weight (BMI < 25 kg/m2), 
overweight (BMI 25-29.9 kg/m2), or obese (BMI ! 30 kg/m2). 
The BMI difference (#BMI, n = 369) was calculated as BMI at 
diagnosis subtracted from the BMI at the time of HSCT. For 
#BMI, a cut-point of –2 was determined applying the R pack-
age “OptimalCutpoints” and divided patients according to their 
incidence of death after HSCT into 2 groups with unchanged/
increased BMI (#BMI " –2, 57%) and decreased BMI (#BMI > 
–2, 43%).
Cytogenetics, molecular marker, and measurable 
residual disease
Diagnostic cytogenetic analyses were performed centrally 
using standard techniques of banding and in situ hybridiza-
tion. The mutation status of the CCAAT/enhancer-binding 
protein alpha (CEBPA), nucleophosmin 1 (NPM1) gene and 
the tyrosine kinase domain of FMS-related tyrosine kinase 3 
(FLT3-TKD) as well as the presence or absence of an inter-
nal tandem duplications in the FLT3 gene (FLT3-ITD) were 
evaluated as previously described.19 For patients with mate-
rial available, the mutation status of 54 genes included in 
the TruSight Myeloid Sequencing Panel (Illumina) was eval-
uated at diagnosis as previously described.20,21 Patients were 
grouped according to the European LeukemiaNet (ELN) 2017 
risk classi"cation.17 Determination of the pre-HSCT measur-
able residual disease (MRD) status was performed as previ-
ously described.22-24
Table 1
Clinical and Genetic Characteristics for Patients According to 
BMI Difference Between Diagnosis and Allogeneic HSCT (!BMI 
> –2 vs ! –2) in AML Patients Receiving Allogeneic HSCT With 
BMI at Both Timepoints Available (n = 369).
 
All Patients,  
n = 369
!BMI ! –2,  
n = 212
!BMI > –2, 
n = 157 P
Sex, n (%)    0.53
 Male 194 115 (54) 79 (50)  
 Female 175 97 (46) 78 (50)  
BMI at diagnosis, n (%)    <0.001
 < 25 kg/m2 142 116 (55) 26 (17)  
 25-29.9 kg/m2 156 76 (36) 80 (51)  
 ! 30 kg/m2 71 20 (9) 51 (32)  
Disease origin, n (%)    0.001
 Secondary 139 95 (45) 44 (28)  
 De novo 230 117 (55) 113 (72)  
Hemoglobin, g/dL    0.58
 Median 8.9 8.9 8.9  
 Range 3.2-15.7 4.5-14.7 3.2-15.7  
Platelet count, " 109/L    0.40
 Median 65 64 65  
 Range 2-501 2-517 2-501  
WBC, " 109/L    0.71
 Median 5.7 5.7 5.7  
 Range 0.1-385 0.1-385 0.5-366  
Blood blasts, %    0.20
 Median 18 17 20.5  
 Range 0-98 0-97 0-98  
BM blasts, %    0.005
 Median 50 45.6 55  
 Range 0-95 0-95 3-95  
Normal karyotype, n (%)    0.83
 Absent 211 121 (58) 90 (60)  
 Present 146 86 (42) 60 (40)  
ELN2017 genetic risk group, n (%)    0.73
 Favorable 83 44 (25) 39 (29)  
 Intermediate 98 57 (33) 41 (31)  
 Adverse 128 74 (42) 54 (40)  
Age at HSCT, y    0.001
 Median 61.0 58.9 62.5  
 Range 16.3-76.8 16.3-74.9 20.0-76.8  
BMI at HSCT, n (%)    0.91
 < 25 kg/m2 204 115 (54) 89 (57)  
 25-29.9 kg/m2 132 78 (37) 54 (34)  
 ! 30 kg/m2 33 19 (9) 14 (9)  
Time from diagnosis to HSCT, d    0.93
 Median 120 118 123  
 Range 7-2504 7-2248 41-2504  
ECOG performance status at HSCT, n (%)    0.98
 0 29 16 (8) 13 (8)  
 1 175 99 (48) 76 (49)  
 2 133 78 (38) 55 (36)  
 3 24 14 (7) 10 (6)  
HCT-CI score, n (%)    0.19
 0 137 86 (44) 51 (37)  
 1/2 90 55 (28) 35 (26)  
 ! 3 105 54 (28) 51 (37)  
Conditioning regimens, n (%)    0.05
 Nonmyeloablative 218 117 (55) 101 (64)  
 Reduced intensity 57 31 (15) 26 (17)  
 Myeloablative 94 64 (30) 30 (19)  
Remission status at HSCT, n (%)    0.99
 First CR/CRi 162 150 (71) 112 (71)  
 Second CR/CRi 43 25 (12) 18 (11)  
 No CR/CRi 64 37 (17) 27 (18)  
AML = acute myeloid leukemia; BM = bone marrow; BMI = body mass index; CR = complete 
remission; CRi = complete remission with incomplete peripheral recovery; ECOG = Eastern Coop-
erative Oncology Group; ELN = European LeukemiaNet; HCT-CI = hematopoietic cell transplanta-
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Definition of clinical endpoints and statistical 
analyses
All statistical analyses were performed using the R statisti-
cal software platform (version 3.4.3).25 OS was calculated from 
HSCT until death from any cause. The competing risks cumula-
tive incidence of relapse (CIR) and NRM were calculated from 
HSCT to relapse or death, respectively, using the Fine and Gray 
method.26 Associations with baseline clinical, demographic, and 
molecular features were compared using the Kruskal-Wallis test 
and Fisher exact tests for continuous and categorical variables, 
respectively. OS was calculated using the Kaplan-Meier method 
and groups were compared using the log-rank test. Multivariate 
analyses are described in the Supplementary Information (http://
links.lww.com/HS/A131).
Results
BMI at diagnosis and prior to HSCT
The median BMI at AML diagnosis was signi!cantly higher 
than prior to HSCT (median 25.8 versus 24.7 kg/m2, P < 0.001). 
According to WHO classi!cation, at diagnosis versus prior to 
HSCT, 39% versus 53% of patients were under-/normal weight, 
42% versus 35% of patients were overweight, and 20% versus 
12% of patients were obese (Figure" 1). At diagnosis and prior 
to HSCT, there was a higher incidence of female patients in the 
obese and under-/normal weight patient cohort while the over-
weight patient cohort harbored a higher incidence of male patients 
(Supplementary Tables S2 and S3, http://links.lww.com/HS/A131). 
Patients being overweight or obese at diagnosis (P = 0.01 and 
P = 0.02, respectively) or prior to HSCT (P = 0.006 and P = 0.02, 
respectively) were older than patients being under-/normal weight. 
The infused numbers of CD34+ and CD3+ cells per kg body weight 
were lower with increasing BMI (P = 0.03 and P = 0.003, respec-
tively, Supplementary Figure S1, http://links.lww.com/HS/A131).
Obese patients at diagnosis had similar CIR (P = 0.37, 
Supplementary Figure 2A, http://links.lww.com/HS/A131), but 
signi!cantly higher NRM (P = 0.05, Figure"2A) and shorter OS 
(P = 0.004, Figure"2B) than overweight or under-/normal weight 
patients. In contrast, despite an optical separation of the NRM 
(Figure"2B) and OS (Figure"2C) curves, no signi!cant prognos-
tic impact was found for BMI prior to HSCT (CIR, P = 0.46 
[Supplementary Figure S2B, http://links.lww.com/HS/A131]; 
NRM, P = 0.15; and OS, P = 0.10). Outcomes according to the 
BMI at diagnosis and prior to HSCT within the distinct WHO 
BMI categories are shown in Supplementary Figure S3 (http://
links.lww.com/HS/A131).
Characteristics and outcomes of AML patients 
according to BMI change between diagnosis  
and HSCT
Patients with #BMI > –2 were older (P = 0.001), had a higher 
BMI at diagnosis (P < 0.001), and were more likely to have de 
novo AML (P = 0.001, Table"1). They were also more likely to 
be DNMT3A mutated (P = 0.05). In contrast, both groups did 
not vary regarding the ELN2017 risk at diagnosis (P = 0.73), 
the HCT-CI score (P = 0.19) and Eastern Cooperative Oncology 
Group (ECOG) performance status prior to HSCT (P = 0.96), 
time from diagnosis to HSCT (P = 0.93) or their pre-HSCT MRD 
(P = 0.88) or morphologic remission status at HSCT (P = 0.99).
Weight loss (#BMI > –2) between diagnosis and HSCT was 
a strong predictor for higher NRM (P = 0.006, Figure" 3A) and 
shorter OS (P < 0.001, Figure"3B) while CIR was similar in both 
groups (P = 0.40, Supplementary Figure 2C, http://links.lww.com/
HS/A131). The causes of death in remission did not differ signi!-
cantly between both groups (P = 0.59) and are described in detail in 
the Supplementary Information (http://links.lww.com/HS/A131). 
In multivariate analyses, #BMI > –2 remained signi!cant for 
higher NRM (hazard ratio, 1.23; P = 0.008) after adjustment for 
donor type and for shorter OS (odds ratio, 0.82; P = 0.001) after 
adjustment for ELN2017 risk, age, and remission status at HSCT 
(Figure"4).
Subgroup analyses for BMI change between 
diagnosis and HSCT
Analyzing the 3 ELN2017 risk groups separately (Figure"5), 
the prognostic impact of #BMI > –2 was particularly seen in 
Figure 1. Distribution of BMI categories according to the WHO classification at AML diagnosis (gray bars) and prior to allogeneic HSCT (red bars). 
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ELN2017 favorable- and intermediate-risk patients demonstrat-
ing a higher NRM (P = 0.09 and P = 0.02) and shorter OS (P = 0.2 
and P = 0.002). However, no signi!cant impact was observed in 
ELN2017 adverse-risk patients (NRM, P = 0.41; OS, P = 0.20). 
"BMI > –2 was also a signi!cant prognostic factor for higher 





Figure 2. Outcome according to BMI at diagnosis and prior to HSCT (< 25 kg/m2 vs 25-29.9 kg/m2 vs ! 30 kg/m2) in AML patients receiving alloge-
neic HSCT. (A), Nonrelapse mortality and (B) overall survival according to BMI at diagnosis (n = 381). (C), Nonrelapse mortality and (D) overall survival according 
to BMI prior to HSCT (n = 650). AML = acute myeloid leukemia; BMI = body mass index; HSCT = hematopoietic stem cell transplantation.
A B
Figure 3. Outcome according to BMI difference between diagnosis and allogeneic HSCT ("BMI > –2 vs ! –2) in AML patients receiving allogeneic 
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remission (P = 0.01 and P < 0.001, respectively) but—despite the 
separation of outcome curves—did not signi!cantly impact NRM 
(P = 0.15) or OS (P = 0.10) in the particularly high-risk popula-
tion of patients transplanted with active disease (Supplementary 
Figure S4, http://links.lww.com/HS/A131). When we analyzed 
the prognostic impact of weight changes depending on the BMI 
category at diagnosis, we observed that weight loss ("BMI > –2) 
was of prognostic signi!cance in under-/normal weight (NRM, 
P = 0.09; OS, P = 0.007) and overweight (NRM, P = 0.10; OS, 
P = 0.09), but not in obese patients at diagnosis (NRM, P = 0.81; 
OS P = 0.70; Supplementary Figure S5, http://links.lww.com/HS/
A131). Again, weight change between diagnosis and HSCT did 
not impact CIR in any of the analyzed subgroups.
Discussion
Analyzing AML patients undergoing induction chemother-
apy, previous retrospective studies indicated either bene!cial 
outcomes with higher CR rates and better OS or comparable 
outcomes for obese compared with nonobese individuals.14,15,27 
These !ndings were partly explained by the recommendations 
against reduction of chemotherapy dosages in obese patients,28 
leading to absolute higher chemotherapy dosages and a sug-
gested consecutive higher effectiveness of chemotherapy. In the 
here analyzed HSCT treated patient cohort, obesity at AML diag-
nosis was associated with signi!cantly higher NRM and shorter 
OS but similar CIR, which was also observed stepwise accord-
ing to the 5 WHO categories (underweight: BMI < 18.5 kg/m2, 
normal weight: BMI 18.5-24.9 kg/m2, overweight: BMI 
25-29.9 kg/m2, obesity grade 1: BMI 30-34.9 kg/m2, and obesity 
grade 2/3: BMI ! 35 kg/m2; Supplementary Figure 3, http://links.
lww.com/HS/A131). In contrast to induction and consolidation 
chemotherapy alone, higher previous exposure to cytotoxic sub-
stances prior to HSCT may lead to higher HSCT-related mor-
tality, which could explain the observed differences between the 
applied postremission therapy settings.
The common assumption that obesity prior to HSCT rep-
resents a risk factor for post-HSCT mortality6 was already 
attenuated by a variety of studies which reported no or even 
bene!cial outcome impacts for overweight or obese patients 
with hematologic malignancies, including AML, undergoing 
HSCT.7,9-11,13 Our study stands in line with these !ndings as—de-
spite an optical separation of the NRM and OS curves—the 
BMI prior to HSCT did not signi!cantly correlate with patients’ 
outcomes (Supplementary Figure S2, http://links.lww.com/HS/
A131).
Especially weight loss during chemotherapy—depicted as a 
"BMI > –2—presented a strong and independent risk factor for 
adverse outcomes after HSCT. While CIR was not signi!cantly 
different, patients suffering weight loss had a signi!cantly higher 
NRM and shorter OS, which was also seen independently from 
other prognostic factors in multivariate analyses. AML-related 
risk factors such as ELN2017 genetic risk or the remission sta-
tus prior to HSCT did not differ between both groups, indicat-
ing that they did not in#uence weight changes in our patient 
cohort (Table$1). Previously, 1 analysis in patients with myel-
odysplastic syndrome showed a correlation of high-risk dis-
ease with weight loss prior to HSCT and, subsequently, higher 
relapse risk and shorter OS after HSCT.29 Regarding AML, a 
Japanese study group showed that weight reduction between 
diagnosis and HSCT in AML patients signi!cantly associated 
with higher NRM and shorter OS in 184 AML patients.13 The 
authors concluded that patients suffering weight loss have an 
inferior general condition and, therefore, more often develop 
infections and graft-versus-host disease (GvHD), represent-
ing the main causes for the higher NRM. While we observed 
a higher mortality in patients suffering weight loss, the causes 
of death did not differ signi!cantly from patients maintaining 
their weight (Supplementary Table 1, http://links.lww.com/HS/
A131). However, compared with our study, the study of Ando et 
al13 was characterized by a younger age with consecutively more 
intensive conditioning regimens (MAC in 78% of patients) and 
bone marrow as main graft source. Furthermore, the distribu-
tion of the WHO de!ned BMI subgroups differed from our 
study with a higher proportion of patients classi!ed as under-/
normal weight at diagnosis (73% versus 39%), and a lower pro-
portion classi!ed as overweight or obese (6% versus 20% and 
22% versus 42%, respectively). This is likely a consequence of 
the lower incidence of overweight and obesity in Japan com-
pared with Europe.30
Regarding the 3 ELN2017 risk groups, weight loss was asso-
ciated with higher NRM and shorter OS in patients with favor-
able and intermediate ELN2017 risk, but not in the adverse-risk 
Figure 4. Multivariate analyses for outcomes according to BMI difference between diagnosis and allogeneic HSCT and other prognostic variables. 
Forest plot showing hazard ratios and odds ratios from logistic regression models for nonrelapse mortality and OS, respectively. Variables considered in the models 
were those significant at ! = 0.10 in univariable analyses. For nonrelapse mortality endpoint, variables considered were BM blast count at diagnosis, disease origin 
(de novo vs secondary AML), BMI at diagnosis (< 25 kg/m2 vs 25 to < 30 kg/m2 vs ! 30 kg/m2), age at HSCT, BMI change ("BMI > –2 vs " –2), and donor type 
(HLA mismatch vs matched unrelated vs matched related). For OS endpoint, variables considered were platelet count at diagnosis, BM blasts at diagnosis, disease 
origin (de novo vs secondary AML), BMI at diagnosis (< 25 kg/m2 vs 25 to < 30 kg/m2 vs ! 30 kg/m2), ELN2017 genetic risk group, remission status at HSCT (no 
CR/CRi vs second CR/CRi vs first CR/CRi), HCT-CI score (0 vs 1/2 vs 3), BMI at HSCT (< 25 kg/m2 vs 25 to <30 kg/m2 vs ! 30 kg/m2), BMI change ("BMI > –2 vs 
" –2), and donor type (HLA mismatch vs matched unrelated vs matched related). AML = acute myeloid leukemia; BM = bone marrow; BMI = body mass index; CI = confidence 
interval; CR = complete remission; CRi = complete remission with incomplete peripheral recovery; ELN = European LeukemiaNet; HCT-CI = hematopoietic cell transplantation comorbidity index; 
HLA = human leukocyte antigen; HSCT = hematopoietic stem cell transplantation; OS = overall survival.
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group (Figure!5); most likely due to the aggressive phenotype 
with high relapse incidences of the underlying AML. We also 
observed a strong prognostic impact of weight loss in patients 
transplanted in morphologic remission (Supplementary Figure S4, 
http://links.lww.com/HS/A131). In the group of patients trans-
planted with active disease—that usually show dismal outcomes 
due to disease progression—we observed a lower prognostic 
impact of "BMI, but still a trend for shorter OS in patients 
suffering weight loss (Supplementary Figure S4D, http://links.
lww.com/HS/A131). When we took the BMI at diagnosis into 
account, we observed that weight loss prior to HSCT lead to 
higher NRM and shorter OS mostly in under-/normal- and over-
weight but not in obese patients at diagnosis (Supplementary 
Figure S5, http://links.lww.com/HS/A131). This highlights the 
importance of preventing weight loss, especially in nonobese 




Figure 5. Outcome according to BMI difference between diagnosis and allogeneic HSCT (!BMI > –2 vs ! –2) within the 3 ELN2017 genetic risk 
groups in AML patients receiving allogeneic HSCT (n = 369). (A), Nonrelapse mortality and (B) overall survival in ELN2017 favorable-risk patients (n = 83). 
(C), Nonrelapse mortality and (D) overall survival in ELN2017 intermediate-risk patients (n = 98). (E), Nonrelapse mortality and (F) overall survival in ELN2017 
adverse-risk patients (n = 127). AML = acute myeloid leukemia; BMI = body mass index; ELN = European LeukemiaNet; HSCT = hematopoietic stem cell transplantation.
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older AML patients (< 50 and ! 50 y at HSCT), "BMI > –2 
showed similar results (Supplementary Figure S6, http://links.
lww.com/HS/A131).
Our study has some limitations as we cannot clarify retrospec-
tively whether the weight reduction was caused by the underly-
ing malignancy, the applied treatment or was intended by the 
patient. We also lack information on protein, lipid, and glycemic 
pro#les or body composition and other parameters like the lean 
BMI might help to better distinguish between the different pro-
portions of muscle and fatty tissues.31 However, the number and 
severity of comorbidities re$ected by the HCT-CI score, the num-
ber of applied chemotherapies, the time between diagnosis and 
HSCT, the ECOG performance status prior to HSCT, as well as 
the causes of NRM (considering GvHD, infection, or others) did 
not differ between patients who suffered weight loss and patients 
who did not. This suggests that weight loss, in general, irrespec-
tive of the contributing reasons, should be regarded as an adverse 
prognostic factor in AML patients prior to HSCT. Whether 
weight loss during therapy remains a relevant clinical problem 
in recently approved new treatment approaches such as CPX-
35132—for which compared with standard 7 + 3 a lower inci-
dence of colitis and diarrhea has been noticed—or azacitidine/
venetoclax combinations have to be subject of future studies.33
In conclusion, obesity at AML diagnosis associated with 
higher NRM and shorter OS following HSCT. Weight loss 
(BMI > –2) during treatment cycles until HSCT—especially in 
ELN2017 favorable- and intermediate-risk patients—represents 
a strong prognosticator for inferior outcomes after HSCT. 
BMI monitoring and intervention by, for example, diet adjust-
ments or nutritional supplementation during AML treatment 
could improve patients’ outcomes. Prospective interventional 
studies should be implemented to evaluate which dietary and 
physical supportive care strategies may be most effective and 
bene#cial and should be implemented into national and inter-
national guidelines.34 This seems of particular clinical relevance, 
as weight loss impacted outcomes in the majority of analyzed 
AML patients irrespective of comorbidities or disease risk.
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Allogeneic stem cell transplantation (HSCT) remains the only curative treatment for
myelodysplastic syndromes (MDS) or myelodysplastic/myeloproliferative neoplasms
(MDS/MPN) patients. The introduction of reduced intensity (RIC) and non-
myeloablative (NMA) conditioning enabled HSCT in older or comorbid individuals
representing the majority of patients. Studies comparing RIC and NMA conditioning
are limited. We retrospectively analyzed 151 MDS or MDS/MPN patients older than
50 years who received NMA- or RIC-HSCT. Patients younger or older than 65 years
at HSCT were analyzed separately. Patients receiving RIC-HSCT or NMA-HSCT were
balanced in factors reflecting disease aggressiveness and the HCT-CI comorbidity
score. The NMA conditioned patients had a higher incidence of graft rejection and
chronic graft-vs-host disease. Cumulative incidence of relapse (CIR), non-relapse
mortality (NRM) and overall survival (OS), did not differ significantly with regard to
the conditioning regime in the whole cohort. In patients <65 years at HSCT, NMA
conditioning associated with higher NRM and shorter OS by trend, while CIR was
similar in both groups. In multivariable analyzes, the conditioning regimen remained a
prognostic factor for NRM and OS in patients <65 years at HSCT. In MDS patients
NMA and RIC conditioning result in similar disease control, but especially patients
<65 years may benefit from RIC-HSCT.
1 | INTRODUCTION
Myelodysplastic Syndromes (MDS) and myelodysplastic/myelo-
proliverative neoplasms (MDS/MPN) are very heterogeneous clonal stem
cell disorders. They are characterized by abnormal cell maturation that
result in variable cytopenias, and a progression risk to acute myeloid
leukemia (AML).1 Allogeneic hematopoietic stem cell transplantation
(HSCT) remains the only known treatment with curative potential in
MDS patients.2 However, standard myeloablative conditioning (MAC) is
not suitable for patients with comorbidities, or individuals at advanced
age who represent the majority of MDS patients.2 The introduction of
reduced-intensity (RIC) conditioning enabled a sufficient reduction of
acute toxicities.3,4 The least toxic conditioning is non-myeloablative
(NMA), enabling HSCT in patients up to 80 years of age.3,5-7 Thus, alloge-
neic HSCT has increasingly been used in older MDS patients.2,8,9 In both
RIC and NMA conditioning, the therapeutic approach mostly relies on
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graft-vs-tumor effects to eradicate the underlying disease.3,5,6,10 Various
studies demonstrated acceptable remission rates and long-term out-
comes using RIC and NMA conditioning protocols.3,5,6,10,11 However, the
optimal conditioning intensity depends on a variety of disease- and
patient-specific factors, and is still subject of clinical debates.2,12 Several
retrospective analyzes compared the use of MAC to RIC or NMA condi-
tioning. In general, these data indicate lower non-relapse mortality (NRM)
at the cost of higher risk of disease progression for HSCT using RIC or
NMA, compared to MAC conditioning, while comparable overall survival
(OS) rates were shown for RIC/NMA and MAC-conditioning.13-16 This
was recently confirmed by the EBMT in the prospective RICMAC trial. It
indicated RIC conditioning as a suitable alternative for MDS or secondary
AML patients up to 65 years of age, especially in those harboring lower
cytogenetic risk.17 In this study, no significant differences in NRM and
cumulative incidence of relapse (CIR) were observed.17 A second pro-
spective trial addressing the same question in a population dominated by
individuals with AML was terminated early. This was due to a significantly
higher CIR and shorter relapse-free survival for RIC, compared to MAC
conditioned patients 18 months after HSCT.18 While this favors MAC in
AML patients, the low proportion of MDS patients in this analysis
prevented conclusive results for these individuals. In contrast to the
extensive data on RIC compared to MAC conditioning, hardly any study
compared RIC- and NMA-HSCT in older and/or unfit MDS patients. Data
is limited and mostly incorporated in studies also analyzing AML patients
and MAC conditioning.13,19,20 In this retrospective analysis, we compare
RIC and NMA conditioning in MDS patients older than 50 years who
received an allogeneic HSCT at our institution.
2 | METHODS
2.1 | Patient population and conditioning protocols
A total of 151 consecutive MDS or MDS/MPN patients aged 50 years
or older, who received an allogeneic HSCT at the University of Leip-
zig, between November 2000 and October 2016 were included in this
analysis. Sixty-seven (44%) patients received RIC conditioning, which
consisted of either 30 mg/m2 fludarabine for five days and busulfan
(8 mg/kg orally [n = 57] or 6.4 mg/kg intravenously [n = 5] over two
days) or 30 mg/m2 fludarabine for five days and 10 g/m2 treosulfan
for three days (n = 5). Eighty-four (56%) patients received NMA condi-
tioning consisting of either 30 mg/m2 fludarabine for three days and
2 Gray (Gy, n = 81) or 3 Gy (n = 3) total body irradiation (TBI). Details
regarding the used conditioning regime are shown in Figure S1. Rea-
sons for choosing RIC or NMA conditioning as opposed to MAC con-
ditioning were according to our institutional standard (age over
50 years for unrelated donors and age over 55 years for related
donors). Before 2012, patients younger than 65 years at HSCT pre-
dominantly received NMA conditioning (69% of transplanted
patients). However, after noticing higher rates of graft rejections fol-
lowing NMA-HSCT we predominantly used RIC conditioning after
2012 in patients under 65 years of age (95% of transplanted patients).
Patients older than 65 years at HSCT predominantly received
NMA conditioning. The Hematopoietic Cell Transplantation-specific
Comorbidity Index (HCT-CI) was calculated by assessing patients'
comorbidities prior to HSCT.21 Patients with bone marrow blasts
exceeding 10% received additional treatment prior to HSCT. Details
regarding treatment protocols prior to HSCT are given in the Supple-
mentary Information. Median follow up after HSCT for living patients
was 3.8 years.
2.2 | Disease characteristics
Both MDS and MDS/MPN were classified according to the WHO
2016 classification (Tables 1 and S1).22 Pre-treatment bone marrow
cytogenetic analyzes were performed centrally in our institution using
standard banding techniques. Cytogenetic risk was evaluated according
to the Revised International Prognostic Scoring System (IPSS-R).23
Presence of complex karyotype was defined as the presence of at least
three genetic aberrations.23,24 Patients were grouped according to the
IPSS-R risk score.23
2.3 | Graft source and stem cell donors
All patients received peripheral blood stem cells as the graft source.
Donors were either human leukocyte antigen (HLA) identical related
(n = 25, 17%), HLA identical unrelated (n = 91, 60%) or HLA unrelated
with at least one antigen mismatch (n = 35, 23%). All related donors
were HLA matched. Prior to January 2005, unrelated donors were
HLA-A, HLA-B and HLA-C matched by low resolution, and HLA-DRB
and HLA-DQB by high-resolution DNA typing (n = 14). From January
2005, all HLA antigens were matched by high-resolution DNA typing
(n = 112). Further patients' characteristics for the whole cohort, and
the subgroup of patients aged younger than 65 years at HSCT, are
shown in Tables 1 and S1.
2.4 | Immunosuppression and graft-vs-host disease
For prevention of graft-vs-host disease (GvHD), all patients received
an intravenous starting dose of 5 mg/kg body weight cyclosporine A
in two daily doses from day !1, which was adjusted to a whole-blood
target level of 200 ng/mL. Patients undergoing NMA-HSCT addition-
ally received mycophenolate mofetil 3 g per day, in three daily doses
in case of unrelated HSCT, or 2 g per day in two daily doses in case of
related HSCT. Patients transplanted after RIC additionally received
methotrexate 15 mg intravenously on days +1, +3, +6 and + 11 after
HSCT. The RIC-HSCT treated patients with an unrelated donor addi-
tionally received in vivo T-cell depletion with thymoglobulin 2 mg/kg
per day for 3 days. Detailed information is depicted in Figure S1.
Cyclosporine A was reduced starting on day +84 or day +180 follow-
ing related or unrelated HSCT, respectively, and mycophenolate
mofetil was stopped at day +28 following related HSCT, and tapered
from days +40 to +96 following unrelated HSCT.6 Patients were eval-
uated for incidence of acute GvHD and chronic GvHD, using
established criteria of the Glucksberg grading system.25 Immunosup-
pression was prolonged or extended with systemic steroids in cases
of GvHD (grade > 2 according to Glucksberg grading system).25
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TABLE 1 Clinical characteristics of MDS or MDS/MPN patients according to the used conditioning regimen (RIC or NMA) in the whole
set (n = 151)
All patients NMA conditioning (n = 84) RIC conditioning (n = 67) P
Disease related information
Sex, n (%) .32
male 92 48 (57) 44 (66)
female 59 36 (43) 23 (34)
Disease, n (%) .11
MDS 128 75 (89) 53 (79)
MDS/MPN 23 9 (11) 14 (21)
WHO 2016 classification, n (%) NA
MDS-SLD 8 7 (8) 1 (1)
MDS-RS 2 2 (2) 0 (0)
MDS-MLD 16 9 (11) 7 (11)
MDS-EB-1 30 10 (12) 20 (31)
MDS-EB-2 69 45 (54) 24 (39)
MDS with isolated del(5q) 3 2 (2) 1 (1)
MDS-U 5 1 (1) 4 (6)
CMML-1 7 3 (4) 4 (6)
CMML-2 11 5 (6) 6 (9)
Blast excess, n (%) .21
no (<5%) 28 19 (23) 9 (13)
yes (!5%) 123 65 (77) 58 (87)
Disease origin, n (%) >.99
de novo 119 66 (79) 53 (79)
secondary 32 18 (21) 14 (21)
Normal karyotype, n (%) >.99
absent 93 52 (63) 41 (62)
present 55 30 (37) 25 (38)
Complex karyotype, n (%) .68
absent 30 18 (22) 12 (19)
present 117 64 (78) 53 (82)
IPSS-R score, n (%) .20
very low 0 0 (0) 0 (0)
low 11 3 (4) 8 (15)
intermediate 38 23 (31) 15 (27)
high 33 21 (28) 12 (22)
very high 47 27 (36) 20 (36)
IPSS-R genetic risk, n (%) .47
very good 5 2 (2) 3 (5)
good 74 41 (48) 33 (51)
Intermediate 21 10 (12) 11 (17)
poor 19 13 (15) 6 (9)
very poor 28 16 (19) 12 (18)
HSCT-related information
Year of HSCT <.001
2000-2006 28 28 (33) 0 (0)
2007-2012 70 47 (56) 23 (34)
2013-2016 53 9 (11) 44 (66)
(Continues)
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Requirement for acute GvHD was engraftment, while requirement for
chronic GvHD was engraftment and survival for at least 100 days
after HSCT.
2.5 | Engraftment and graft rejection
Engraftment was assessed by chimerism analysis of flow cytometrically
sorted peripheral blood T-cells (CD3+) on day +14 in patients after
NMA-HSCT, and on day +28 in bone marrow in all patients as previ-
ously described.26 Graft rejection was defined as <5% CD3+ donor
chimerism in bone marrow at day +28, or a decline to <5% CD3+ donor
chimerism after initial engraftment.27
2.6 | Definition of clinical end points and statistical
analysis
The primary goal of this study was to evaluate outcome results for
MDS patients after RIC- or NMA-HSCT in the two age cohorts “all
patients”, and “patients younger than 65 years at HSCT”. We analyzed
the clinical endpoints OS, CIR, NRM. The OS was calculated from
TABLE 1 (Continued)
All patients NMA conditioning (n = 84) RIC conditioning (n = 67) P
Age at HSCT, years .002
median 61.8 62.9 60.7
range 50.1-74.9 50.3-74.9 50.1-70.1
HCT-CI Score, n (%) .73
0 37 20 (24) 17 (30)
1/2 41 21 (26) 20 (36)
!3 70 41 (50) 29 (52)
Therapy prior to HSCT, n (%) .31
MDS untreated 54 27 (32) 27 (41)
MDS treated 96 57 (68) 39 (59)
Therapy prior to HSCT, n (%) <.001
hypomethylating agents alone 42 15 (26) 27 (69)
intensive chemotherapy 54 42 (74) 12 (31)
BM blasts prior to HSCT, n (%) .47
<10% 140 79 (96) 61 (92)
!10% 8 3 (4) 5 (8)
Donor type, n (%) .67
related 25 15 (18) 10 (15)
unrelated 126 69 (82) 57 (85)
HLA Ag match, n (%) .57
matched 116 63 (75) 53 (79)
mismatched 35 21 (25) 14 (21)
Donor sex, n (%) >.99
female to male 24 13 (17) 11 (16)
all others 124 64 (83) 56 (84)
CMV risk, n (%) .36
no high risk 44 26 (35) 18 (27)
high risk 97 48 (65) 49 (73)
Infused CD34+ cell count, x106 Gpt/l .19
median 7.2 7.1 7.1
range 1.5-18.6 1.5-18.6 2.2-15.6
Abbreviations: AML, acute myeloid leukemia; BM, bone marrow; BW, body weight; CMML, Chronic myelomonocytic leukemia; CMV, cytomegalie virus;
HCT-CI, hematopoietic cell transplantation comorbidity index; HLA Ag, human leukocyte antigen match; HSCT, hematopoietic stem cell transplantation;
IPSS-R, revised international prognostic scoring system; MDS, myelodysplastic syndrome; MDS-EB, MDS with excess blasts; MDS-MLD, MDS with
multilineage dysplasia; MDS-SLD, MDS with single lineage dysplasia; MDS-RS, MDS with ring sideroblasts; MDS-U, MDS, unclassifiable; MPN,
myeloproliferative neoplasm; NMA, non-myeloablative; RIC, reduced-intensity conditioning.
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HSCT to death from any cause using the Kaplan-Meier method, and
groups were compared with the log-rank test. The competing risks
CIR and NRM were calculated from HSCT to relapse/progression or
death without relapse/progression, respectively, using the Fine and
Gray model. Cumulative incidences of acute GvHD and chronic GvHD
were calculated from HSCT to appearance of acute or chronic GvHD,
respectively, using death without GvHD as the competing risk end-
point. Associations were compared using the Kruskal-Wallis test and
Fisher's exact test for continuous and categorical variables, respec-
tively. Multivariable proportional hazard models were constructed for
NRM and OS endpoints, to evaluate the impact of the used condition-
ing regimen by stepwise forward adjusting for other variables. Details
are described in the Supplementary Information. All statistical ana-
lyzes were performed using the R statistical software platform
(version 3.4.3).
3 | RESULTS
3.1 | Patients' characteristics
Compared to RIC-HSCT, NMA-HSCT was significantly more often
applied in patients transplanted before 2012 (P < .001). Because of
the predominant use of NMA-HSCT in patients older than 65 years,
patients receiving NMA conditioning were older than patients receiv-
ing RIC conditioning (P = .002, Table 1). However, this difference
diminished when we restricted the analysis to the 104 patients youn-
ger than 65 years at HSCT (P = .75, Table S1). For the whole cohort,
we observed no significant differences between patients receiving
RIC or NMA conditioning regarding disease aggressiveness (IPSS-R
score [P = .20], blast excess [P = .21], incidence of complex karyotype
[P = .68], and IPSS-R genetic risk [P = .47]), the pre-HSCT comorbidity
index HCT-CI (P = .73) or HSCT-related characteristics (ie, donor type
[P = .67], HLA antigen match [P = .57] and CMV risk [P = .36]). The
percentage of patients receiving therapy (hypomethylating agents
and/or intensive chemotherapy) prior to HSCT did not differ between
RIC and NMA conditioning (P = .31). Rather, due to the predominant
use of NMA conditioning prior to 2012, patients receiving NMA con-
ditioning less often received hypomethylating agents alone (P < .001).
Similar associations were observed when we restricted our analysis to
patients younger than 65 years at HSCT (Table S1) and engrafted
patients (data not shown).
3.2 | Outcome according to RIC or NMA
conditioning for the whole patient cohort
Patients receiving NMA conditioning had a significantly higher inci-
dence of graft rejections (12% vs 2%, P = .02) compared to patients
receiving RIC-HSCT. They were also more likely to develop chronic
GvHD (P = .01, Figure S2A) after HSCT, while acute GvHD was similar
in both groups (P = .59, Figure S3A). In the whole patient cohort, the
analyzed endpoints NRM, CIR and OS did not differ significantly
between patients receiving RIC or NMA conditioning prior to HSCT
(P = .19, P = .38 and P = .21, respectively, Figure 1). Note, CIR, NRM
and OS at 3 and 5 years after HSCT as well as causes of death are
given in the Supplementary Information.
3.3 | Outcome according to RIC or NMA
conditioning for patients !65 years at HSCT
Restricting our analysis to the 104 patients younger than 65 years at
HSCT, as in the whole patient cohort, we observed a higher incidence
of graft rejections (13% vs 2%, P = .05) and, of chronic GvHD (P = .03,
Figure S2B) in patients receiving NMA compared to RIC conditioning,
as well as a similar incidence of acute GvHD in both groups (P = .65,
Supplementary Figure S3B). In patients younger than 65 years at
HSCT, NMA conditioning associated with a significantly higher NRM
(P = .03, Figure 2A), which also translated into a trend for shorter OS
(P = .06, Figure 2C). While NRM and OS was not significantly different
during the first 100 days after HSCT (P = .13 and P = .24, respec-
tively), survival curves separated after approximately 150 days after
F IGURE 1 Outcome according to RIC vs NMA conditioning of the whole patient cohort (n = 151). A, Cumulative incidence of non-relapse
mortality, B, Cumulative incidence of relapse/progression and C, Overall survival
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HSCT (Figure S4D-F). In contrast, CIR did not differ significantly
between both groups (P = .16 for the whole follow-up, Figure 2B; and
P = .78 for the first 100 days after HSCT). In multivariable analyzes,
the applied conditioning regimen remained a prognostic parameter for
NRM and OS in patients younger than 65 years at HSCT after adjust-
ment for disease and HLA antigen match. Patients receiving NMA
conditioning were twice as likely to suffer NRM and nearly twice as
likely to die after HSCT (Table 2).
F IGURE 2 Outcome according to RIC vs NMA conditioning for the whole patient cohort (n = 151) according to age younger or older than
65 years at HSCT. A, Cumulative incidence of non-relapse mortality, B, Cumulative incidence of relapse/progression and C, Overall survival in
patients younger than 65 years at HSCT (n = 104) and D, Cumulative incidence of non-relapse mortality, E, Cumulative incidence of relapse/
progression and F, Overall survival in patients older than 65 years at HSCT (n = 47)
TABLE 2 Multivariable analyzes for
patients with MDS or MDS/MPN
younger than 65 years at HSCT (n = 104)
Non Relapse Mortality Overall Survival
HR* (95% CI) P OR** (95% CI) P
Conditioning regimen (RIC vs NMA) 0.43 (0.23-0.83) .01 1.92 (1.08-3.45) .03
Disease (MDS vs MDS/MPN) 0.25 (0.11-0.58) .001 3.57 (1.59-8.33) .002
HLA Ag match (mismatch vs match) 2.96 (1.49-4.90) .002 0.51 (0.27-0.93) .03
Abbreviations: Ag, antigen; HLA, human leukocyte antigen; MDS, myelodysplastic syndrome; MPN,
myeloproliferative neoplasm; NMA, non myeloablative conditioning; RIC, reduced intensity conditioning.
Note: Variables considered in the models were those significant at ! = 0.20 in univariable analyzes. For
OS endpoint, variables considered were sex, disease (MDS vs MDS/MPN), IPSS-R risk score, HCT-CI
score, conditioning regimen (RIC vs NMA) and HLA antigen match while for NRM endpoint, variables
considered were sex, disease (MDS vs MDS/MPN), HCT-CI score, conditioning regimen (RIC vs NMA)
and HLA antigen match.
*HR, hazard ratio.
**OR, odds ratio, <1 (>1) indicate lower (higher) risk/probability for an event for the first category listed
for the dichotomous variables.
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In the 47 analyzed patients older than 65 years at HSCT, we
observed no significant differences for NRM (P = .98, Figure 2D), CIR
(P = .41, Figure 2E) and OS (P = .48, Figure 2F) between RIC and
NMA conditioning.
3.4 | Additional subgroup analyzes for outcome
according to NMA or RIC conditioning
When we excluded patients diagnosed with MDS/MPN, for patients
at all ages we observed a trend for higher NRM (P = .07, Figure S5A)
and a trend for shorter OS (P = .08 Figure S5C) in the group receiving
NMA-HSCT. Again, no significant differences in CIR were observed
between both conditioning regimens (P = .50, Figure S5B). Restricting
the analysis to MDS patients younger than 65 years at HSCT, patients
receiving NMA-HSCT had a significantly higher NRM (P = .02,
Figure S5D), and shorter OS (P = .03, Figure S5F), but again no signifi-
cantly different CIR (P = .29, Figure S5E). In multivariable analyzes for
MDS patients younger than 65 years at HSCT, the applied condition-
ing regimen remained a prognostic factor for higher NRM after adjust-
ment for patient sex and the HCT-CI score, as well as for shorter OS
(Table S2). Subgroup analyzes for engrafted patients alone (Figure S6),
patients receiving related HSCT (Supplementary Figure S7) and exclud-
ing patients receiving unrelated HSCT without high resolution typing
for all HLA antigens (Figure S8) are shown in the Supplementary Infor-
mation. Due to restricted patient numbers no subgroup analyzes were
performed for patients older than 65 years at HSCT.
4 | DISCUSSION
Choosing the optimal conditioning regimen for each transplant candi-
date remains a major clinical challenge.2,12 The availability of less toxic
conditioning protocols is of high interest in older or comorbid individ-
uals representing the majority of MDS and MDS/MPN patients. While
some studies compared MAC to RIC or NMA conditioning prior to
HSCT,13-17 there is limited, retrospective data analyzing RIC and NMA
conditioning in MDS patients not eligible for MAC-HSCT. Most stud-
ies are registry-based with unknown reasons for the choice of the
conditioning regimen13,16 suggesting a selection toward NMA in unfit
patients or included patients with AML or patients transplanted after
MAC conditioning.13,16,19
We retrospectively compared MDS and MDS/MPN patients aged
50 years or older receiving either RIC- or NMA-HSCT. Factors
reflecting disease aggressiveness and the comorbidity score HCT-CI did
not differ between both conditioning regimens, however there may still
be a selection bias toward NMA in less fit patients not detected by the
HCT-CI. The only significant difference between RIC and NMA-
conditioned patients, was that patients receiving cytoreductive treat-
ment prior to NMA-HSCT less often received hypomethylating agents
alone. Cytoreductive treatment prior to HSCT (hypomethylating agents
alone vs intensive chemotherapy with/without hypomethylating
agents) did not impact on outcome in our study (NRM P = .52, OS
P = .58 and CIR P = .56, data not shown). Patients receiving NMA-
HSCT had a significantly higher incidence of graft rejections. This
matches a study by de Lima et al. describing a higher degree of engraft-
ment in RIC- compared to NMA-HSCT in 94 AML or MDS patients.19
Note, NMA conditioning has also been previously associated with
higher rejection rates, especially in patients without intensive preceding
therapies.5,6 In our study, patients after NMA conditioning were of
higher risk to develop chronic GvHD while acute GvHD was similar in
both groups. There were no significant differences in NRM, CIR and OS
between NMA and RIC conditioning for the whole cohort, as well as
for patients older than 65 years at HSCT. In contrast, in patients youn-
ger than 65 years at HSCT, NMA conditioning associated with a signifi-
cantly higher NRM and a trend for shorter OS, which was also seen
independently from other factors in multivariate analyzes. The causes
of death (relapse/progression, GvHD and/or infection or others) did
not differ between RIC and NMA conditioning (Supplementary Infor-
mation). In vivo T-cell depletion with thymoglobin was part of RIC- but
not NMA-HSCT from unrelated donors. Thus, patients receiving related
HSCT - where no thymoglobin was used in both conditioning regimen -
were analyzed separately. Despite low patient numbers, we again
observed higher NRM and shorter OS in NMA conditioned patients
(Figure S7), indicating that the use of thymoglobin alone is not responsi-
ble for the observed outcome differences. To exclude that a higher inci-
dence of undetected HLA mismatches in patients after NMA-HSCT
before 2005 are responsible for the higher NRM in this conditioning
regimen, we also performed a subgroup analysis without unrelated
HSCT prior to 2005, and observed similar results as in the whole cohort
(Figure S8). A separate analysis of engrafted patients also excluded the
higher rejection rates after NMA-HSCT as a reason for higher NRM in
this population (Figure S6). One other study described a single center
retrospective comparison between NMA and RIC conditioning.19 In
contrast to our results, NMA conditioning was associated with lower
incidences of acute and chronic GvHD, lower NRM, higher CIR and
comparable OS.19 However, some potentially confounding factors
known to impact on outcome after HSCT differed from our study. In
the study by de Lima et al, patients receiving NMA-HSCT were older,
more often received bone marrow as a stem cell graft, and all patients
receiving NMA conditioning had a related donor.19 Furthermore, two
thirds of the included patients of de Lima et al. had AML, and all MDS
patients had a high-risk disease, while we analyzed MDS and
MDS/MPN patients irrespective of disease risk.19 Two large registry-
based studies by the EBMT20 and CIBMTR13 compared various condi-
tioning regimens for HSCT in AML and MDS patients. Similar to our
study, both studies observed similar acute GvHD rates between RIC
and NMA conditioning but chronic GvHD incidences were also similar.
While Martino et al.20 described lower NRM for NMA-HSCT before
day +100, but higher NRM after day +100 and cumulatively after
7 years, Luger et al.13 observed comparable NRM for both conditioning
regimens. In both studies, progression free survival and OS were lower
for NMA conditioned patients. Again, patients receiving NMA-HSCT
were older and had a lower performance13 or a higher EBMT score.20
In both studies the reasons for the choice of conditioning regimens
remained unknown, and some patients receiving NMA conditioning
may not have been candidates for RIC-HSCT.13,20 Additionally, the
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relatively small fraction of MDS patients was not analyzed separately. It
is known that GvHD can be responsible for NRM, but also augments
the graft-vs-tumor effects after allogeneic HSCT, and that with
decreasing dose intensities, the disease control increasingly relies on
these graft-vs-tumor effects.12 We also included MDS patients at lower
risk of disease progression according to IPSS-R risk score and observed
higher rates of chronic GvHD after NMA-HSCT. This might explain that
in contrast to some other reports, CIR was not significantly different in
RIC as compared to NMA conditioning.13,20,28 The observed difference
in NRM between RIC and NMA in patients !65 years was surprising, as
there were no differences in comorbidity scores or other patient char-
acteristics, and they already occurred within the first year after HSCT.
This was not caused by acute GvHD, which was similar in both groups.
Altogether, our results indicate that NMA conditioning can result in
similar disease control in MDS patients as RIC conditioning, but that
especially patients under 65 years of age and eligible for both condi-
tioning regimens may benefit from RIC-HSCT.
As retrospective analysis, our study is limited by a possible selection
bias for using NMA instead of RIC in patients !65 years with com-
orbidities. While the HCT-CI score did not differ between NMA and RIC
conditioned patients, some comorbidities might not be appropriately
reflected in the score. The rejection rate after NMA conditioning in our
study is higher, as observed in other diseases with the same conditioning
regimen such as AML, where intensive chemotherapy is applied before
HSCT. Efforts to decrease the graft rejection rate by increasing the radia-
tion dose are now being studied.29 Prospective clinical trials are needed to
further clarify the optimal conditioning regimen for older MDS patients.
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6. Conclusion / Zusammenfassung 
The highly heterogeneous outcomes of patients with AML and MDS are a result of patient-related 
factors (age, performance status, or comorbidities) as well as a variety of disease-related 
characteristics at diagnosis and during disease course, of which some are analyzed and discussed in 
the here presented work.   
Chapter 2 shows the high prognostic relevance of the leukemic stem cell population at diagnosis – 
which is known to initiate and maintain the diseases - in both AML and MDS patients undergoing 
allogeneic HSCT.76–78 The data also indicates that distinct stem cell markers, i.e. the CD34+/CD38- cell 
burden and the GPR56 expression, complement each other’s prognostic potential.77 
Also in complete remission during disease course, prognostic risk stratification through the evaluation 
of MRD in AML patients is feasible, which is shown in chapter 3. With overexpression of the genes 
BAALC and MN1, two new potential MRD targets prior to allogeneic HSCT are presented as both 
associated with higher relapse incidence and shorter survival.81,84 
Finally, also the chosen treatments impact outcomes in AML and MDS patients, including the kind of 
consolidation regimens (chemotherapy vs allogeneic HSCT)100,101,118 or the conditioning intensity prior 
to HSCT120 which is discussed in chapters 4 and 5, respectively. In patients with specific genetic risk it 
was shown that allogeneic HSCT may alter outcomes. First, in the favorable risk group NPM1 
mutated/FLT3-ITD negative an allogeneic HSCT may have the potential to improve outcomes as 
compared to chemotherapy alone in AML patients older than 60 years of age.118 Second, the known 
adverse prognostic impact of high BAALC or MN1 expression levels in AML patients may be modulated 
by the chosen consolidation, as high BAALC and MN1 expression associated with shorter survival in 
patients after chemotherapy, but not after allogeneic HSCT.101  
Despite the high relevance of genetic risk stratification in MDS and AML, also clinical factors remain 
significant to estimate disease risk. This was shown for the BMI at AML diagnosis as well as weight 
changes during treatment in patients that later undergo allogeneic HSCT.119 As mentioned earlier, 
patients with a secondary or treatment related disease seem to have worse outcomes compared to de 
novo AML individuals which was shown in population-based studies and individuals receiving 
chemotherapy.13,14 This work contributed to the knowledge of the impact of the primary disease in 
secondary AML patients receiving an allogeneic HSCT and indicates that, overall, outcomes of 
secondary or treatment related AML patients may be improved after allogeneic HSCT compared to 
chemotherapy alone and may even reach that of de novo AML patients when the genetic risk status is 
taken into account.118 
After the decision towards allogeneic HSCT as consolidation option in MDS patients, the here 
presented data shows that also the chosen consolidation is of prognostic relevance and that patients 
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younger than 65 years of age seem to benefit from reduced intensity compared to non-myeloablative 
conditioning.120 
Taken together, the publications discussed in the here presented work contribute to a better 
understanding of clinical and genetic prognostic factors in patients with AML or MDS undergoing 
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